Vanadium, arsenic and fluoride in natural waters from Argentina and possible impact on human health. by Al Rawahi, Wafa
  
Vanadium, Arsenic and Fluoride in Natural Waters 
from Argentina and Possible Impact on Human 
Health 
by 
Wafa Aqib Al Rawahi  
 
A thesis submitted to the Department of Chemistry in conformity with the 
requirements for the Degree of Doctor of Philosophy 
 
 
Faculty of Engineering and Physical Sciences 
University of Surrey, Guildford, GU2 7XH 
© 2016
i 
Declaration of Originality  
This thesis and the work to which it refers are the results of my own efforts. Any 
ideas, data, images or text resulting from the work of others (whether published or 
unpublished) are fully identified as such within the work and attributed to their 
originator in the text, bibliography or in footnotes. This thesis has not been 
submitted in whole or in part for any other academic degree or professional 
qualification. I agree that the University has the right to submit my work to the 
plagiarism detection service TurnitinUK for originality checks. Whether or not drafts 
have been so-assessed, the University reserves the right to require an electronic 
version of the final document (as submitted) for assessment as above. 
 
 
 
 
 
 ii 
Abstract 
The composition of water can be influenced by the input of elemental constituents 
from natural and anthropogenic sources. Elevated levels of vanadium, arsenic, 
fluoride and other trace elements in water (ground, surface and tap) from various 
provinces in Argentina (including La Pampa, south east Buenos Aires, Río Negro 
and Neuquén), were analysed by inductively coupled plasma mass spectrometry 
(ICP-MS) and ion selective electrode (for fluoride). Vanadium species were 
determined in water by a newly developed solid phase extraction method (SPE). 
Vanadate (VV) was found to be the predominant species in water samples. The 
correlation between vanadium and arsenic species, and total elemental levels are 
presented. Vanadate (VV) correlates strongly with total arsenic, vanadium, fluoride 
and also the inorganic arsenic species compared to the vanadyl ion (VIV). However, 
vanadyl (VIV) had stronger Spearman correlations with the organosenical species. 
The levels of vanadium, arsenic and other trace elements were analysed in hair 
and nail samples and in water to evaluate exposure levels. The elemental 
exposure via drinking water increased in the following order: La Pampa (General 
San Martin-GSM and Eduardo Castex-EC) > Buenos Aires (Moron-MO) > Río 
Negro (General Roca-GR). In La Pampa (GSM and EC) and Buenos Aires (South 
east-SE) many sites showed vanadium, arsenic and fluoride levels exceeded the 
international regulatory limits for drinking water. La Pampa residents had the 
widest distribution of vanadium and arsenic in hair, fingernails and toenails 
compared to other populations in this study. A significant Spearman correlation (P 
< 0.0001) exists between the levels of vanadium and arsenic in groundwater from 
La Pampa and hair or nail values. The rural farms in La Pampa have no access to 
treated water. An electrocoagulation method using aluminium and iron electrodes 
showed a high level of efficiency in removing vanadium, arsenic and fluoride from 
groundwater. This may offer clean, and safe drinking water for farmers living in 
these areas of Argentina. 
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1.0 Introduction  
Medical geology is a scientific field that deals with investigating the influence 
of natural geological and environmental risk factors on human and animal health 
(Centeno et al., 2016). It is an expanding field that provides a better understanding 
between the natural occurrence of elements and human health (Bowman et al., 
2003). Many elements in bedrocks or soil are essential to humans, animals and 
plants, if they are available in the correct amount (Selinus et al., 2010). However, 
their excess or deficiency can be a direct risk to humans, animals and plants. Toxic 
or non-essential chemical elements may also be present in environmental media 
alongside the essential elements (Selinus et al., 2010). Weathering processes can 
allow the mobility of chemical elements from rocks to soil and drinking water and 
therefore to plants, animals or humans (Centeno et al., 2016). The presence of 
insufficient or excess of the essential elements through the food chain or drinking 
water can lead to health problems (Selinus et al., 2013). The World Health 
Organisation (WHO) cited arsenic in drinking water as a global problem with many 
countries reporting increased health risks (cancers, skin lesion, hypertension and 
immunodeficiency) due to naturally high levels of arsenic in surface and 
groundwater (Brahman et al., 2013; Aballay et al., 2012; Zhu et al., 2006; Khare et 
al., 2005). Fluoride is another concern that has been under extensive investigation 
in different countries due to the possible health impact on humans (fluorosis and 
dental caries) and in livestock (chlorosis and necrosis) (Wasana et al., 2016; 
Jadhav et al., 2015; Brahman et al., 2013; Yasmin et al., 2013; Weinstein and 
Davison, 2004). However, at low levels (1.0 and 1.5 mg/l F-), fluoride in water has 
been cited to be an essential ion for the medical treatment of dental caries and 
osteoporosis (Borgnino et al., 2013; Slade et al., 2013; Kirkeskov et al., 2010; 
Mandinic et al., 2010; Weinstein and Davison, 2004; WHO, 2004). Vanadium is 
also an essential element especially as it is a well-known element that mimics 
insulin activity (Imtiaz et al., 2015). On the other hand, many studies have reported 
the toxicity and carcinogenic nature of vanadium if it accesses human or animal 
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bodies at high levels (Adjeroud et al., 2015). Developed and sensitive analytical 
techniques that can be used to determine the levels of many trace elements in 
waters (typically g/l) and human samples are available to evaluate the possible 
pathways from environmental sources to human tissues and fluids (Selinus et al., 
2013; Harrington et al., 2003).  
The following sections will focus on vanadium, arsenic, and fluoride 
chemistry (section 1.1), their availability in the environment (section 1.2), relation 
to human health (section 1.3) and their levels in Argentine water (section 1.4). 
Finally, the aims and objectives will be detailed in section 1.5. 
1.1 Introduction to Trace Elements and Anion Chemistry 
Chemical elements in the periodic table can be divided into major, minor, 
trace and ultra-trace constituents (Skoog et al., 2013). The major constituents in 
water, such as chloride, fluoride, calcium, magnesium, sodium, bicarbonate and 
sulphate and the minor constituents e.g. nitrate and potassium, contribute to 
solution ionic strength and can influence the solubility of all dissolved species and 
have an impact on human health (Morales et al., 2000). Trace elements are found 
at low concentrations in ‘natural’ water over the range of 10 to 10000 g/l whilst 
ultra-trace elements are present at levels below 10 g/l (Manoharan et al., 2007; 
Vandecasteele, 1993; Tanji and Valoppi, 1989). Trace elements that have been 
reported in different types of water are Al, As, B, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, 
Pb, Sb, Se, Ti, V and Zn (Bibi et al., 2015; Sun et al., 2015; Giménez et al., 2013; 
Pourret et al., 2012; Bermudez et al., 2011; Manoharan et al., 2007).   
Within the human body, there are twelve major essential elements including 
carbon, calcium, chloride, hydrogen, potassium, magnesium, nitrogen, sodium, 
oxygen, phosphorous, sulphur and silicon (Lindh, 2013). The trace and ultra-trace 
essential elements in the human body are arsenic, cobalt, chromium, copper, 
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fluoride, iron, iodine, manganese, molybdenum, nickel, selenium, tin, vanadium 
and zinc (Bunnell et al., 2007).  
1.1.1 Vanadium  
Vanadium is a transition element listed in the fourth row (VB group) of the 
periodic table with atomic number 23; an electronic configuration of [Ar]3d34s2 and 
mass number of 51 amu (Imtiaz et al., 2015). The abundance of vanadium is 
0.0136 % of the Earth crust rocks which ranks vanadium as the 5th among all 
transitional elements and the 20th most abundant element in the periodic table 
(Amorim et al., 2007; Greenwood and Earnshaw, 1998). There are two naturally 
occurring isotopes, which are 50V (0.24%) which is radioactive with a half-life of 3.9 
x1017 years and 51V (99.76 %) (Imtiaz et al., 2015; Moskalyk and Alfantazi, 2003; 
Greenwood and Earnshaw, 1998). Vanadium has an extraordinary chemistry 
because of its ability to readily convert between one form to another under mild 
conditions (Costa Pessoa, 2015). Subsequently, a wide range of reactions can 
take place under environmental conditions. Moreover, vanadium has a strong 
affinity for oxygen that allows it to form stable anion and cation oxides (VO2+, VO2+, 
H2VO4- and HVO42-) which have significant roles in vanadium environmental 
chemistry. The protonated vanadate oxide anions are analogous to phosphate in 
biological systems due to the similarity in the pKa, electronic and structural 
properties (Wright et al., 2014). 
Vanadium can be found in different oxidation states from -1 to +5 (Imtiaz et 
al., 2015). Some of these forms are stable (3, 4 and 5) while others are not; and 
are reduced or oxidised to other species. For example; VII is unstable in the 
environment (Wehrli and Stumm, 1989) because it easily oxidised to the more 
stable species VIII (Pourret et al., 2012). However, VIII can be gradually oxidised by 
air or dissolved oxygen to VIV (Pourret et al., 2012; Minelli et al., 2000). In water, 
VIV exists as vanadyl cations which are VO2+ and VO(OH)+ whilst VV is commonly 
found as vanadate oxyanions, namely, H2VO4- and HVO42- (Wanty and Goldhaber, 
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1992). The stability of each species is dependent on the redox status of the water 
its in, e.g. VV is stable in an oxidising environment whilst VIV is more stable in a 
moderately reducing environment (Wang and Meyerhoff, 2008; Sadiq, 1988). 
Oxidation from VIV to VV depends on several factors, such as pH, the redox 
potential, the concentration of vanadium, the ionic strength of the aquatic system, 
dissolved oxygen, iron, ammonium and sulphide concentrations (Imtiaz et al., 
2015; Pourret et al., 2012; Wang and Sañudo Wilhelmy, 2009; Minelli et al., 2000; 
Hirayama et al., 1992; Wehrli and Stumm, 1989). Sadiq (1988) reported that the 
solubility of vanadium species increases with increasing valence. For example, the 
concentration of VIV increases with a decrease in the total concentration of 
vanadium in a more reducing environment. In an oxidising environment however, 
the solubility of VO2+ increases by complexation with organic matter (Zhou et al., 
2011). 
 Vanadium species (VIV and VV) can undergo complex hydration reactions 
and are involved in protonation equilibria (also VIII) (Nriagu, 1998). Vanadyl can 
form different types of complexes due to the interaction with other elements. Wanty 
and Goldhaber (1992) reported that two chemical species can be formed due to 
the hydrolysis of VO2+. In addition, the vanadyl (VIV) cation can form complexes 
with fluoride (up to four fluoride atoms) whilst only one chloride ion can complex 
with the vanadyl (VIV) cation (Ahrland and Kullberg, 1971). It has been reported 
that sulphate can form an inner-sphere complex with vanadyl cations (Strehlow 
and Wendt, 1963). Other researches have shown that the vanadyl ion can form 
complexes with oxalate, acetate and carbonate (Wanty and Goldhaber, 1992; 
Lorenzotti et al., 1981; Langmuir, 1978). Vanadate (VV) can form polymers that 
include up to ten vanadium atoms (Cruywagen and Heyns, 1991). In natural water 
vanadium is mostly found as the vanadate ion HnVO4n- than as a polymeric species 
(Wanty and Goldhaber, 1992). All of the above complexes of VIV and VV are 
summarised by Wanty and Goldhaber (1992). 
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1.1.2 Arsenic 
Arsenic is a steel grey, brittle naturally occurring element with an atomic 
number of 33, relative atomic weight of 74.9 g/mol and an electronic configuration 
of [Ar] 3d10 4s2 4p3 (Sharma and Sohn, 2009; Melamed, 2005; Mandal and Suzuki, 
2002; Simard and Lafrance, 1996). Other physical properties include a melting 
point of 817 °C, boiling point of 613 °C, specific gravity of 5.73 and vapour pressure 
of 1 mm Hg at 372 °C (Cornelis et al., 2005). Arsenic comprises 0.00005% of the 
Earth’s crust (Gulledge and Oconnor, 1973) and ranks (in order of abundance) 
20th in the Earth crust, 14th in seawater and 12th in the human body. While arsenic 
is a naturally occurring element, there are also numerous anthropogenic sources 
(Plant et al., 2014; Smedley and Kinniburgh, 2002). Arsenic has one stable isotope 
75As with a 100% abundance (Singh et al., 2015). There are other isotopes such 
as 73As, 74As and 76As, which have only a few days half-life and therefore have no 
natural abundance (Mohan and Pittman, 2007). Arsenic has similar chemical 
properties to phosphorous in which it forms colourless, odourless and readily 
soluble crystalline oxides e.g. As2O3 and As2O5 (Helsen et al., 2004). Similarity is 
found between the weak triprotic arsenic acid (H3AsO4) and phosphoric acid 
(H3PO4) in having three readily ionisable hydrogen ions (Dutta et al., 2004). 
Because of this, arsenate can replace phosphate; at similar biological pH and 
redox gradients, in several biological activities, which is the reason for its toxicity 
and associated health problems (Wolfe-Simon et al., 2011).  
Arsenic can be found in four oxidation states including arsenate (AsV), 
arsenite (AsIII), arsenic (As0), and arsine (As-III) (Singh et al., 2015; Raychowdhury 
et al., 2013; Sharma and Sohn, 2009). The stability of different arsenic species 
depends on the pH and the ionic strength of the environment; with AsV being the 
most stable species among them (Singh et al., 2015; Gupta et al., 2012; Sharma 
et al., 2010). There are also other arsenic species, including; monomethylarsonic 
acid (MAV), dimethylarsinic acid (DMAV), trimethylarsineoxide (TMAO), 
arsenobetaine (AsB), arseno-choline (AsC), arsenosugars and arsenolipidsetc 
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(AsS) (Singh et al., 2015). Figure 1.1 shows the structure of the most common 
arsenic species. 
 
Figure 1.1: Structure of the most common arsenic compounds found in the 
environment (Lord, 2014). 
Throughout this study, the four main species of arsenic found in the 
analysed water samples were; two inorganic forms, namely, arsenite (iAsIII) and 
arsenate (iAsV) and two organic species, which are monomethylarsonic acid (MAV) 
and dimethylarsinic acid (DMAV).  
1.1.3 Fluoride  
Fluorine is the first element of group seven (halogens), the lightest in mass 
with an atomic mass 18.998 amu, the most reactive and electronegative element 
(Vithanage and Bhattacharya, 2015; Weinstein and Davison, 2004). Fluorine ranks 
13th among other elements in the crust with an estimated average concentration 
of 0.05 – 0.1% or 500 – 1000 mg/kg (Naseem et al., 2010). It is naturally occurring 
as 19F (Weinstein and Davison, 2004). Fluorine isotopes are produced by nuclear 
reaction but they have a very short half-life in which the longest is for 18F (t1/2=1.87 
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hr). Fluorine radioactive isotopes play an important role in biological research. 
They are used in tracing biochemical pathways and ion movement, but cannot be 
used for long time processes due to the short half-lives (Weinstein and Davison, 
2004). 
Fluorine is the most electronegative element with a strong affinity to gain 
electrons and form a negative charge (Vithanage and Bhattacharya, 2015). For 
this reason it is only found in the environment as the fluoride ion bonded to other 
minerals (Weinstein and Davison, 2004; Hem, 1985). It has only one oxidation 
state in the natural environment (Hem, 1985). Due to the extreme electronegativity 
of fluorine it can form strong polar covalent and electrovalent bonds (Weinstein 
and Davison, 2004). Fluoride has the same charge and radius as the hydroxyl 
group and this enables these anions to exchange with each other. The fluorine 
atom can also exchange with hydrogen and hydroxyl groups in hydrocarbons 
which enables the production of many organofluorine compounds (Dinoiu, 2006; 
Weinstein and Davison, 2004). 
1.2 Vanadium, Arsenic and Fluoride in the Environment 
Vanadium, arsenic and fluoride sources, pathway and mobility in the 
environment will be detailed in sections 1.2.1 and 1.2.2. The natural levels of the 
three constituents will be discussed in section 1.2.3. Finally, the water quality 
regulations of the elements studied in this research will be tabulated in section 
1.2.4. 
1.2.1 Sources 
Vanadium can be found in more than 60 minerals such as titaniferous 
magnetite and patronite (SV4) (Moskalyk and Alfantazi, 2003; Hope, 1997). Some 
minerals are associated with oxygen, such as vanadinite, lead chloride vanadate 
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PbCl2.3Pb3(VO4)2 and potassium uranyl vanadate K(UO)2(VO4).15H2O (Tracy et 
al., 2007; Hope, 1997). Vanadium is widely distributed in the environment and is 
mainly found as a co-product with other ‘elements’, such as uranium (Western 
United States), zinc and lead (Namibia), iron ore deposits (Finland and Norway) 
and in bauxite residue (France) (Moskalyk and Alfantazi, 2003; Greenwood and 
Earnshaw, 1998). The natural release of vanadium to the environment is the 
weathering of soil, rocks, dust, marine aerosol and volcanic activities (Costa 
Pessoa, 2015). Vanadium is also released from anthropogenic activities such as 
the processing and burning of crude oil (Middle East, Venezuela and Canada, and 
only Japan and USA), iron-steel, ceramics, pigments, batteries and mining 
industries, domestic waste recycling, fertilisers and pesticide applications, and 
nuclear applications (Imtiaz et al., 2015; Teng et al., 2011; Moskalyk and Alfantazi, 
2003; Taner, 2002).  
Arsenic is found in the natural environment in igneous (average ≤ 5 mg/kg), 
sedimentary (≤ 1 – 10 mg/kg) and metamorphic rocks (≤ 5 mg/kg), unconsolidated 
sediments (3 – 10 mg/kg) and soil (5 – 10 mg/kg) (Basu et al., 2014; Fattorini et 
al., 2013; Raychowdhury et al., 2013; Smedley et al., 2002). Although igneous 
rocks show little differences in arsenic average values, volcanic glasses, especially 
ashes, have higher average values at more than 5 mg/kg. Consequently, high 
levels of arsenic are found in water with high pH and sodium rich groundwaters 
(Alarcón-Herrera et al., 2012; Bhattacharya et al., 2006a). Arsenic has the ability 
to co-precipitate with iron hydroxides and sulphides and with manganese (Flora, 
2015). There are more than 245 mineral forms of arsenic including sulphides, 
oxides, arsenides, arsenates and arsenites (Basu et al., 2014; Sharma and Sohn, 
2009; Mandal and Suzuki, 2002). Basu et al. (2014) reported the most well-known 
arsenic bearing minerals including arsenopyrite (FeAsS, the most abundant 
mineral), arsenolite (As2O3), claudetite (As2O3), orpiment (As2S3), pentoxide 
(As2O5), realgar (AsS), and and scorodite (FeAsO4.2H2O). Beside arsenic being 
present as arsenate (60 %) and sulphur (20 %) minerals, it is also found with other 
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deposits (20%) such as antimony, bismuth, cadmium, cobalt, copper, gold, iron, 
mercury, molybdenum, nickel, phosphorous, platinum and silver (Basu et al., 
2014). The large concentration of arsenic in sulphide minerals occurs because of 
arsenic chemistry that closely follows that of sulphur (O’Reilly et al., 2010; Smedley 
and Kinniburgh, 2002). Arsenic has been used in a wide range of applications 
Worldwide (Basu et al., 2014; Han et al., 2003). Anthropogenic sources of arsenic 
due to human activities are mining, burning fossils, pesticide application, leather 
and wood treatments, refining petroleum and manufacturing alloys and metals, 
electronic manufacturing, vitamin supplements, and cosmetics (Basu et al., 2014; 
Melamed, 2005; Bissen and Frimmel, 2003a; Bissen and Frimmel, 2003b; 
Smedley et al., 2002). 
Fluorine is broadly distributed in the Earth’s crust as the fluoride ion 
(Weinstein and Davison, 2004). It was reported by Chae et al. (2007) that the order 
of fluoride concentration in South Korea bedrocks with respect to its geology is 
metamorphic ≥ granitoids ≥ complex ≫ volcanic ≥ sedimentary rocks. According 
to various studies, the sources of fluoride in water are the rock minerals such as 
topaz (Al2(F,OH)SiO4), fluorite (CaF2), fluorapatite (Ca10(PO4)6F2), cryolite 
(Na3AlF6), Amphiboles ()Ca,Na,K)0–1(Ca,Fe,Li,Mg,Mn,Na)2(Al,Cr,Fe,Mg,Mn,Ti)5 
(Al,Si,Ti)8O22(OH,F,Cl)2) and micas ()K,Na,Ca,Ba)(Al,Cr,Fe,Li,Mg,Mn,V,Zn)2–
3(Al,Be,Fe,Si)4O10(OH,F)2) (Rao, 2003; Bardsen et al., 1996; Wenzel and Blum, 
1992; Pickering, 1985; Handa, 1975). 
Fluoride is widely found in igneous and sedimentary rocks in the 
concentration range of 0.08 to 0.09 % by weight of the upper layer of the 
lithosphere (Rao and Devadas, 2003; Handa, 1975). Fluorite is a main source of 
fluoride in bedrock but it cannot be a reason for high fluoride in metamorphic and 
granitoid rocks because it is only an accessory mineral and its dissolution will not 
cause a big role in producing high fluoride concentrations (Chae et al., 2007). In 
addition, apatite and fluorapatite; which are phosphate minerals, can be a good 
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source of fluoride in bedrocks. According to Chae et al. (2007) phosphate minerals 
are not found in metamorphic, granitoid and complex rocks in Korea. The major 
fluoride-containing minerals in both granitoid and metamorphic rocks are biotite 
and amphibole in Kitakami Mountain, Japan (Abdelgawad et al., 2009). Fluoride 
(F− =1.23 – 1.36 Å) can substitute hydroxyl (OH−=1.37 – 1.40 Å) in mica, 
amphibole, chlorite, and tourmaline due to the similarity of their radii (Chae et al., 
2007; Handa, 1975). It has been reported that high levels of fluoride in groundwater 
are found in granitic rock areas (Iwatsuki et al., 2002). Granitic rocks contain a 
higher fluoride percentage than other rocks (0.05 - 0.14 % F-) (Jacks et al., 2005). 
Oskarsson (1980) reported the fluoride compound that was dominant at above 700 
˚C was CaF2 whilst below 600 ˚C, where more adsorption can take place, CaSiF6 
is dominant with less NaF and a minor amount of AlF3. Cronin et al. (2003) showed 
that as a result of magmatic eruption the highly soluble NaF and CaSiF6 are 
dominant while CaF2, AlF3 and Ca5(PO4)3F, which have low solubility and are 
dominant in phreatomagmatic eruptions. Granitic groundwater is a Na-Ca-Cl 
water-type due to the exchange with Na-Ca-HCO3 in sedimentary rocks (Iwatsuki 
et al., 2005). 
The major natural sources of the fluoride ion in groundwater are from the 
products of volcanic activity (D'Alessandro, 2006). Volcanoes are the main source 
of releasing fluoride into the atmosphere and the amount from volcanic emission 
has been estimated to be over the range of hundreds to thousands of gigagrams 
of fluoride per annum (Halmer et al., 2002). Fluorine compounds do not interact 
with ozone in the stratosphere as reported by Halmer et al. (2002). Only 1% of HF 
is in the gaseous form. The remaining contributions to fluoride deposition from 
volcanic activity are: (i) wet deposition through the dissolution of fluoride by rain 
water, snow and dew (Aiuppa et al., 2006); (ii) dry deposition of HF onto soil and 
plant surfaces (Oskarsson, 1980); and (iii) the condensation deposition and 
reaction of HF with the settling ash particles (Cronin et al., 2003). The amount of 
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emitted and deposited fluorine either by dry or wet deposition in ash, soil and 
vegetation was investigated by Bellomo et al. (2007).  
There are different anthropogenic sources of fluoride in soil and 
groundwaters such as the wet and dry depositions of emitted HF, SiF4 gaseous 
and AlF3, NaAlF6 and CaF2 particulates from aluminium, steel, brick, tiles and 
phosphate industries (Vithanage and Bhattacharya, 2015). Moreover, fluoride 
containing products such as fumigants, rodenticide, insecticides and herbicides 
are also sources for fluoride contamination (Vithanage and Bhattacharya, 2015).  
1.2.2 Pathway and mobility 
Vanadium release and mobilisation in the environment have been less 
investigated compared to other trace elements such as arsenic (Huang, 2014; 
Nicolli et al., 2012b; Smedley et al., 2008; Smedley and Kinniburgh, 2002). The 
pH, redox potential (Eh), concentration and complexation have been reported as 
the main factors for vanadium mobility in the environment (Huang et al., 2015). 
The biogeochemical cycling of vanadium in the surface environment is shown in 
Figure 1.2.  
 
Figure 1.2: Schematic diagram of biogeochemical cycling process of vanadium in 
the surface environment (Huang et al., 2015). 
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 In natural water vanadium exists in the oxidation states of +3, +4, and +5 
(Sadiq, 1988). Recently, different speciation studies reported VIV and VV as the 
main vanadium species found in the natural systems (Kilibarda et al., 2013; Gerke 
et al., 2010; Wang and Sañudo Wilhelmy, 2009; Aureli et al., 2008; Chen et al., 
2007; Coetzee, 2007; Veschetti et al., 2007; Zhao et al., 2006). The pH-Eh diagram 
(Figure 1.3) illustrates the predominant soluble vanadium species (Huang et al., 
2015; Wanty and Goldhaber, 1992). At neutral pH and oxic-conditions, VV is the 
dominant species in the form of phosphate-analog oxyanions (HnVO4n-3) (Huang 
et al., 2015). However, in acidic conditions VO2+ dominates while VO43- exists 
under extremely alkaline (pH > 8) and under both oxic and anoxic conditions 
(Huang et al., 2015). The neutral VV species (H3VO40) can be found as a minor 
form at pH 2 – 5 (Wanty and Goldhaber, 1992). VIV was reported in reduced 
groundwater systems and in water affected by volcanic and industrial activities 
(Banerjee et al., 2003; Minelli et al., 2000; Bosque-Sendra et al., 1998).  
 
Figure 1.3: pH-Eh diagram of the predominant soluble species of vanadium at 
[V]T= 10-5 M (adopted from (Huang et al., 2015)).  
Eh
pH
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The stability of VIV is strongly influenced by the organic and inorganic ligands 
(Wanty and Goldhaber, 1992). Organic compounds; such as fulvic and humic 
acids, can form strong complexes with VIV that stabilise this form in oxic-conditions 
(Wang and Sañudo Wilhelmy, 2009). However, VV can form weaker complexes 
but it can stabilise this species against reduction at nearly neutral pH (Lu et al., 
1998). VIII is stable over a wide range of pH (up to pH 10) under anoxic 
environments (Huang et al., 2015). However, it is rarely found in surface or near-
surface water due to the sensitivity to oxygen (Wällstedt et al., 2010; Aureli et al., 
2008; Wang and Sañudo-Wilhelmy, 2008). Figure 1.4 shows the mechanism of 
the geochemical cycling of vanadium at the water-soil/sediments interface (Huang 
et al., 2015). The mechanism is mainly controlled by weathering (oxidation of VIV 
and VIII cause VV mobilisation from soil and sediments) and microorganism 
activities including sorption/desorption, complexation and precipitation reactions 
(reduction of VV and complex formation with organic matter; e.g. humic or fulvic 
acid, form insoluble hydroxides) (Yang et al., 2014; Li et al., 2009a; Ortiz-Bernad 
et al., 2004b). Moreover, Fox and Doner (2003) reported that vanadium can be 
released in a suboxic environment due to the reductive dissolution of Fe and Mn 
(hydr)oxides in the presence of organic matter. 
 
Figure 1.4: The mechanisms of mobilisation/immobilisation of vanadium at the 
water-soil/sediments interface (Huang et al., 2015). 
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The main factors affecting arsenic mobility and the presence of specific 
arsenic species are pH, redox potential (Eh), temperature, levels of organic matter 
and the adsorption effect (Nicolli et al., 2012a; Sharma and Sohn, 2009). According 
to the pH-Eh diagram for the inorganic arsenic species, iAsIII as H3AsO3 is the 
predominant species under reducing conditions (low Eh), while at pH > 9 it 
dissociate to H2AsO3 –, HAsO32–, and AsO33– (Bissen and Frimmel, 2003a). At low 
pH < 2 and high Eh arsenate is the primary species (iAsV) which exists as H3AsO4 
and dissociation takes place between pH 2 and 11 into the forms H2AsO4− and 
HAsO42− (Sharma and Sohn, 2009). Arsenic adsorbs to Fe3+, Al3+ and Mn3+/Mn4+ 
oxide(hydroxide)s at high Eh and in an acidic environment (Flora, 2015). However, 
at low Eh (+200 mV) and neutral to acidic pH, desorption takes place because of 
the reduction of Fe3+ to Fe2+ and Mn3+/Mn4+ to Mn2+ (Sharma and Sohn, 2009). 
Reduction of iron and manganese also takes place at low Eh and in an alkaline 
environment. Manganese reduction takes place before iron, which allows the re-
adsorption of the mobilised arsenic to iron (Bissen and Frimmel, 2003a). When no 
iron exists, aluminium and calcium stabilise arsenic, with adsorption decreasing 
with increasing ratios of (CaO + MgO)/(Al2O3 + Fe2O3) (Nicolli et al., 2012b). 
Arsenic is also adsorbed to the amino groups of humic acids especially under 
acidic conditions (Sharma and Sohn, 2009). The mobility of iAsIII and iAsV 
increases in the presence of phosphate at low levels of Fe-oxides (Smith et al., 
1999). Carbonate also increases the mobility of arsenic at pH values between 6.5 
and 11 (Barringer and Reilly, 2013). Oxidation of arsenic-bearing sulphides, e.g. 
framboidal pyrite and pyrite, is another proposed mechanism of arsenic release 
from minerals (López et al., 2012). However, the presence of chloride, nitrate and 
sulphate were reported to show a small influence in arsenic mobility (Barringer and 
Reilly, 2013; Sharma and Sohn, 2009). 
High fluoride ion levels in water are due to high pH, total dissolved solids, 
temperature, weathering and leaching from F-bearing minerals such as 
amphiboles, fluorite, apatite and mica (Rafique et al., 2009). Moreover, fluoride-
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bearing minerals cannot hold fluoride ions at high pH due to the substitution of 
hydroxide ions (Rafique et al., 2009). Fluoride has a positive correlation with total 
dissolved solids due to the rise in ionic strength leading to increasing fluoride 
solubility (Rafique et al., 2009). One of the main mechanisms of fluoride mobility 
into groundwater is the dissolution of fluorite, which is enhanced by the 
precipitation of calcite (Borgnino et al., 2013; Currell et al., 2011).The dissolution 
of fluorite in the presence of bicarbonate anions is shown in the Eq. 1.1 (Guo et 
al., 2007). 
CaF2 + 2HCO3
−  ↔  CaCO3 + 2 F
− +  H2O + CO2 Eq. 1.1 
Alkaline, high sodium and bicarbonate environments enable the exchange 
between hydroxide ions in water and fluoride ions of fluoride-bearing minerals such 
as muscovite and biotite (Jadhav et al., 2015; Naseem et al., 2010). Evaporation 
is another important factor in fluoride mobility (Guo et al., 2007). Because of 
evaporation, calcium levels reduce due to the precipitation as calcium carbonate. 
Consequently, fluoride levels increase because of the dissolution of fluorite (Guo 
et al., 2007). Desorption of fluoride from iron, aluminium and manganese 
(oxy)hydroxides is a secondary source of fluoride in groundwater (Borgnino et al., 
2013; Smedley et al., 2005). Acidic to neutral conditions allow the adsorption of 
fluoride by replacing hydroxides in Fe, Al or Mn (oxy)hydroxides while in alkaline 
and sodium-rich groundwater the desorption takes place by the exchange with 
hydroxide in water (Borgnino et al., 2013). 
1.2.3 Vanadium, arsenic and fluoride levels in Water 
Water contamination can cause different health problems and water human 
consumption can lead to death if it is of very low quality. Only 1% of the total 
percentage of the water in the Earth is useable for consumption. The remaining is 
either salty (97 %) or frozen (2 %) (Muro Gorostiaga, 2015). 
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Weathering and mining activities are the main sources of vanadium 
pollutants for groundwater and surface water (Teng et al., 2011; Wright and Belitz, 
2010). The levels of vanadium in the solution environment varies with the presence 
of other factors, e.g. low levels of vanadium were reported in the presence of high 
levels of Fe colloides (Wällstedt et al., 2010). On the other hand, a study in 
California showed that high levels of vanadium (25 to 49 g/l) were found in the 
groundwater associated with a V-rock source; e.g. basaltic and andesitic rocks, 
and weathering (Wright and Belitz, 2010). In general, the levels of vanadium in 
drinking water are < 10 g/l but the range of vanadium levels are commonly from 
1 to 30 g/l as reported by WHO (1988). Vanadium levels in surface water are 
usually < 3 g/l. However, the levels can raise up to 70 g/l near high geochemical 
sources (WHO, 2004). Zhang and Zhou (1992) found that vanadium levels in the 
Yangtze river in China were 0.02 to 0.46 g/l in the filtered samples while they 
were up to 64.5 g/l in the unfiltered samples. Very high levels of vanadium in the 
surface water were reported in Japan in the area of Mount Fuji (Imtiaz et al., 2015; 
Hamada, 1998). Moreover, very high levels (50 - 130 g/l) were reported in 
drinking water near volcanic activity around Mount  Etna in Italy (Tamasi and Cini, 
2004). Wright et al. (2014) reported vanadium levels in northeastern San Joaquin 
Valley in the range < 3 to 70 g/l. Reported levels of vanadium in sea water are 1 
– 3 g/l with a maximum level of 7.1 g/l (Miramand and Fowler, 1998). Wang and 
Sañudo Wilhelmy (2009) reported that the redox potential (Eh) of water collected 
from the coastal area of Long Island was in the range 0.2 - 0.6 mg/l V in which VIV 
was the dominant species due to the oxidation of VIII or the reduction of VV. In 
reducing groundwater, VIV can account for more than 50% of the total dissolved 
vanadium level (Bosque-Sendra et al., 1998; Hirayama et al., 1992; Nakano et al., 
1990). VIV levels were reported to be < 10% in oxic river and sea water (Emerson 
and Huested, 1991). Moreover, VIV concentrations in water were reported to be 
over the range of 30 to 40% in the areas affected by volcanoes or industrial 
effluents (Wällstedt et al., 2010; Banerjee et al., 2003; Minelli et al., 2000).  
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The concentration range for arsenic depends on the type of water. For 
example, the total arsenic level for sea water is < 2 g/l As (Ng, 2005) whilst in 
unpolluted surface and groundwater the range is 1-10 g/l As (Bissen and Frimmel, 
2003a; Bissen and Frimmel, 2003b). In fresh water the range is 0.15 - 0.45 g/l As 
while in thermal water it has been reported to be 1.8 - 6.4 mg/l As (Sharma and 
Sohn, 2009). Because of the increased worldwide concerns and carcinogenic 
properties of arsenic, in 2011 the World Health Organisation (WHO) decreased the 
guideline limit for drinking water from 50 g/l to 10 g/l As (WHO, 2011; Sharma 
and Sohn, 2009). Nordstrom (2002) reported arsenic levels in West Bengal of < 1 
to 2500 g/l. High levels of arsenic in surface and ground water have also been 
reported in different parts of the world (Basu et al., 2014; Nordstrom, 2002). 
Examples of the reported high arsenic levels in the natural water are Bangladesh 
(< 1 – 2500 g/l), Vietnam (1 – 3500 g/l), Cambodia, China (< 1 – 2400 g/l), 
Argentina ( < 2 – 15,000 g/l), Chile ( 20 – 5000 g/l), Mexico (8 – 620 g/l), 
Canada (< 1 – 100000 g/l) and Africa (< 10 – 1500 g/l) (Basu et al., 2014; 
Nordstrom, 2002). 
Reported fluoride levels in surface water ranged between 0.01 to 0.03 mg/l 
(Ayoob and Gupta, 2006). However, fluoride levels found in seawater were of a 
higher range (1.2 – 1.5 mg/l) (Ayoob and Gupta, 2006). Fluoride levels exceed the 
guideline limit of fluoride in drinking water, surface and groundwater which have 
been associated with skeletal and dental fluorosis and other health problems in 
different parts of the world (Jadhav et al., 2015; Vithanage and Bhattacharya, 
2015; Puntoriero et al., 2014; Ayoob and Gupta, 2006). The most affected 
countries with the highest exposure are India, China, Sri Lanka and Rift Valley 
countries in Africa (Hussain et al., 2013; Wang et al., 2009; Agarwal et al., 2003; 
Mjengera and Mkongo, 2003; Van Der Hoek et al., 2003). Fluoride levels in 
groundwater for these countries are up to 17.0 mg/l (India), 21.5 mg/l (China), 5.9 
mg/l (Sri Lanka), and 177 mg/l (Rift Valley), respectively (Jagtap et al., 2012; 
Ayoob and Gupta, 2006). The reported levels of fluoride in ground water from the 
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United State of America are 25 – 50 mg/l in hot springs, 5 – 15 mg/l in deep aquifers 
and 3.6 – 5.3 mg/l in Southern California Lake land (Ayoob and Gupta, 2006; 
Reardon and Wang, 2000; Cohen and Conrad, 1998). Northern Mexico (0 – 7.59 
mg/l) and central Argentina (0.1 -10 mg/l) are also areas affected with high fluoride 
(Reyes-Gomez et al., 2013; Alarcón-Herrera et al., 2012; Nicolli et al., 2012a). The 
countries affected by high fluoride levels are reviewed and tabulated by Jadhav et 
al. (2015) and Vithanage and Bhattacharya (2015). 
1.2.4 Water quality regulations 
The World Health Organisation (WHO) stated that access to safe drinking water is 
important for health protection and a basic human right at national, regional and 
local levels (WHO, 2011). The national standards for the safe limits of trace 
elements and anions in drinking water are established by the WHO to protect 
public health (WHO, 2011). The recent maximum limits in drinking water are 10 
g/l As (lowered from 50 g/l As to 10 g/l As in 1993) and 1.5 mg/l F- (WHO, 2011; 
Gomez et al., 2009). These recommended values where brought about by the 
significant risk to human health of high arsenic exposure in different parts of the 
World, for example, hyper- and hypo-pigmentation, keratosis, cardiovascular 
disorders, diabetes, and cancer (Gomez et al., 2009). Arsenic is also a well-known 
toxic trace element and classified as a Group I carcinogen by the International 
Agency for Research on Cancer (IARC), because it causes different types of 
cancers (Gagnon et al., 2016; Jadhav et al., 2015; WHO, 2011). Argentine 
legislation recently adopted the maximum limit of 10 g/l for arsenic in drinking 
water (CAA, 2012). Fluoride is another cause of potential serious health problems 
such as fluorosis and dental caries, which were identified in 27 countries where 
the fluoride levels were higher than 1.5 mg/l (Jadhav et al., 2015; Weinstein and 
Davison, 2004). There is no guideline limit for vanadium in drinking water but it is 
listed on contaminant candidate list 3 by the United States Environment Protection 
Agency (USEPA) (Yang et al., 2014; USEPA, 2009). This is due to the numerous 
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studies reporting the carcinogenicity and toxicity of vanadium at higher levels, 
especially in USA, South Africa, China and Russia (Yang et al., 2014; Pourret et 
al., 2012; Naeem et al., 2007). In addition, the California Department of Public 
Health (CDPH) established a notification level (NL) of 50 g/l for V in drinking 
water (CDPH, 2010). 
Table 1.1: Water quality standards for vanadium, arsenic, fluoride ion and other 
trace elements in drinking, irrigation and livestock water as set by the 
World Health (WHO, 2011), Drinking Water Inspectorate (DWI) for 
England and Wales (UKDWI, 2009), the Ministry of Health and Social 
Action in Argentina (Ministerio de Salud y Acción Social de la 
República Argentina, (CAA, 2012)), United States Environmental 
Protection Agency (USEPA, 2009) and Food and Agricultural 
Organisation (FAO, 1994) limits for agricultural irrigation and 
livestock. 
Table 1.1 reports the water quality guideline limits for vanadium, arsenic, 
fluoride ion and other trace elements as set by the WHO (2011), Drinking Water 
Elements/ 
ions (g/l) 
Drinking water Irrigation  
Watering of 
livestock  
WHO  UKDWI US EPA Argentina FAO  FAO  
Aluminium 100 200 5 - 200 200 5000 5000 
Arsenic 10 10 10 10 100 200 
Copper 2000 2000 200 1000 200 500 
Iron −a 200 300c 300 5000 −f 
Manganese 400b 50 50c 100 200 50 
Selenium 40 10 20 10 20 50 
Uranium 30 −f 30 100 −f −f 
Vanadium −a −a −a −f −f 100 
Zinc   5000 5000c 5000 2000 24000 
Fluoridee 1.5 1.5 1.0 1.5 1.0 2.0 
       
a no guideline limit set as the typical level of the element in drinking-water; b health-based value 
derived from the upper intake value of 11 mg/day; c maximum contaminant level goal (MCLG); d 
secondary drinking water regulation; e fluoride ion levels in mg/l, f no national standard set. 
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Inspectorate (DWI) for England and Wales (UKDWI, 2009), the Ministry of Health 
and Social Action in Argentina (Ministerio de Salud y Acción Social de la República 
Argentina, (CAA, 2012)) and United States Environmental Protection Agency 
(USEPA, 2009). The United States Food and Agricultural Organisation (FAO, 1994) 
established limits for agricultural irrigation and livestock (see Table 1.1) for trace 
elements and fluoride, which are essential but  can cause toxicity if they 
accumulate in plants or livestock at high concentrations. 
1.3 Vanadium, Arsenic and Fluoride in Relation to Human 
Health 
Vanadium, arsenic and fluoride levels in water or food are related to human 
health (Jadhav et al., 2015; Basu et al., 2014; Varrica et al., 2014). The essentiality, 
deficiency and bioavailability are discussed in sections 1.3.1 and 1.3.2. The 
proposed metabolisms of vanadium, arsenic and fluoride are detailed in section 
1.3.3. 
1.3.1 Essentiality and deficiency 
Human bodies are made of major, minor, trace and ultratrace elements 
(Centeno et al., 2016). Major elements, include hydrogen, carbon, oxygen and 
nitrogen, which constitute 99 % of the body (Volfson et al., 2010). Minor elements 
include sodium, magnesium, sulphur, phosphorous, chlorine, potassium, calcium 
and iron that make up 3.78 % of the body mass (Volfson et al., 2010). The 
remaining elements are considered to be trace and ultra-trace elements. Eighteen 
out of seventy-three trace elements are considered to be essential (Lindh, 2013). 
These are lithium (Li), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), 
cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), tungsten (W), molybdenum (Mo), 
silicon (Si), selenium (Se), fluorine (F), iodine (I), arsenic (As) and tin (Sn) (Lindh, 
2013). They are required by the human body in very small quantities (< 100 
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mg/day) to maintain normal physiological activities and their excess or deficiency 
can cause severe health effects and sometimes death (Fraga, 2005; Goldhaber, 
2003). The concentration of trace elements required by an organism are 
represented by a graphical scheme called a dose response curve. This curve 
shows the safe and adequate intake range required to maintain good health 
(Figure 1.5).  
 
Figure 1.5: Dose response curve of essential elements (modified from Lindh 
(2013)).  
In this study, vanadium, arsenic, fluoride ion and other trace elements 
including copper, iron, manganese, molybdenum, selenium, uranium and zinc 
were investigated in water and human samples. Copper is an essential trace 
element as it is included in several important proteins and enzymes and it is 
required for the development of tissue, nerves and bones (Bunnell et al., 2007). 
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Table 1.2: Recommended daily allowance (RDA), adequate intake (AI) or tolerable 
upper intake level (TUI) for copper, iron, manganese, molybdenum, 
selenium uranium and zinc and symptoms of deficiency and toxicity 
(Lindh, 2013; Strachan, 2010; Volfson et al., 2010; Fraga, 2005). 
Element 
RDI, AIa, 
TUIb 
(mg/day) 
Deficiency Symptoms Toxicity Symptoms 
Copper 0.9  
reproductive failure, anemia, 
degeneration of the nervous system, 
skeletal defects, Wilson s disease, 
death at 200 mg/kg -day, 
vomiting, nausea, cramps, 
diarrhea, abdominal pain, liver 
damage 
Iron 18, 45b anemia 
death at doses between 40 - 1600 
mg/kg, vomiting, diarrhea, effect 
on cardiovascular, central 
nervous systems, kidney, liver, 
blood, hereditary 
hemochromatosis 
Manganese 
2.3/1.8a, 
11 
reproductive performance, abnormal 
function of bone and cartilage, 
growth retardation, impaired glucose 
tolerance,  
psychologic and neurologic 
disorder, lethargy, tremor 
Molybdenum 0.045, 2  amino acid intolerance and irritability gout-like syndrome, kidney failure,  
Selenium 
0.05 - 0.2, 
44b 
rapid aging, copper accumulation in 
cells, cellular membrane disorder, 
ferment activities reduction, amino 
acid and ketone acid metabolism 
disorder, stomach, prostate, large 
intestine, and mammary gland 
cancers, Keshan disease, Kashin-
Beck disease 
garlic scent from mouth and skin, 
hair loss, and nail fragility, 
nausea, abnormalities of the liver 
function, skin erythema, lungs 
bronchoalveolitis and edema, 
emotional disorder  
Uranium 
*1 - 5, 
11/8a, 40b 
  
bone cancer, cell poison, damage 
of the kidneys, cancer, affects 
gastrointestinal tract and liver 
Zinc 15, 40b 
anemia, malabsorption and 
inflammation gastrointestinal 
diseases, low appetite, immune 
suppression, fatigue, hair and body 
mass loss, weakening of 
neuropsychological function, 
dementia, behavioral disorders, bad 
vision, premature delivery, low birth 
weight, maternal and infant mortality 
low copper absorbance 
RDA: relative daily intake, aAI: adequate intake, bUI: tolerable upper intake; *unit in g/day 
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for the development of tissue, nerves and bones (Bunnell et al., 2007). Iron is a 
component of hemoglobin, myoglobin and a number of enzymes (Strachan, 2010; 
Bowman et al., 2003). Selenium is found in selenocysteine that is found at the 
active site of different proteins (Volfson et al., 2010). Selenium is also required for 
glutathione, peroxydase and glycine reductase activities and involved in 
biochemical adaptation phases (Volfson et al., 2010; Fraga, 2005). Molybdenum 
is important for several enzymes including aldehyde oxidase, xanthine oxidase, 
and sulphite oxidase (Bunnell et al., 2007). Zinc is also essential because it is a 
cofactor for more than 300 enzymes, is involved in nucleic acid metabolism, 
proliferation, differentiation, cell growth, cell death, control protein phosphatase 
and protein kinase activities and essential for the immune system (Lindh, 2013; 
Strachan, 2010).The recommended daily allowance (RDA), adequate intake (AI) 
or tolerable upper intake level (TUI), deficiency and toxicity of seven trace 
elements are summarised in Table 1.2. Vanadium, arsenic and fluoride toxicity 
and metabolism are detailed in sections 1.3.2 and 1.3.3. 
1.3.2 Bioavailability and toxicity 
A wide range of studies show the importance of vanadium for normal cell 
growth (Pourret et al., 2012; Hope, 1997). The recommended daily intake range is 
6 – 18 g/l (Mukherjee et al., 2004). However, toxic effects can be seen at 
concentrations above 10 g/l V (Hope, 1997). Vanadium in the human body can 
be found in the +4 (vanadyl) and +5 (vanadate) oxidation states. Vanadate can 
form oligomers, which can enter the cells through the anionic channels while 
vanadyl enters through diffusion (Kordowiak and Holko, 2009; Aureliano and 
Gândara, 2005). The main pathways through which vanadium enters the blood 
and then other parts of body are through gastrointestinal and respiratory tracts 
(Kiss et al., 2000). The kidney was reported to accumulate most of the vanadium 
entering the body whilst the remainder accumulates in the spleen, bones and liver 
(Hansen et al., 1982). 
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Vanadate in the form of H2VO4- (tetrahedral structure) is believed to be a 
phosphate analogue that enables this form to mimic phosphate biological actions 
(Figure 1.6a, b). Moreover, vanadate can form a five-coordinate transition-state 
(Figure 1.6c, d) that mimics phosphate ester hydrolysis reactions catalysed by 
phosphate (Assem and Levy, 2009). 
 
Figure 1.6: Chemical structure of tetrahedral phosphate (a), vanadate (b) and 
mono- (c) and diperoxo (d) pervanadates (Assem and Levy, 2009). 
Vanadium is widely known to show an inhibition action on Na and K-ATP 
enzymes in which VO2+ has been reported to be a stronger inhibitor of this enzyme 
in yeast cells whilst VO2+ shows a weaker action (Tracy et al., 2007; Marzban and 
McNeill, 2003). In addition, a wide range of studies have cited the possible 
carcinogenic effects of vanadium when found at high concentrations in the 
environment (Veschetti et al., 2007). The toxicity of vanadium has been classified 
in the same class like mercury, lead and arsenic (Naeem et al., 2007). Moreover, 
vanadium is listed on the United States Environment Protection Agency candidate 
contaminant list # 3 (USEPA, 2009). Inhalation of vanadium, due to industrial 
exposure, was found to cause eye irritation and different kinds of disorders in the 
respiratory system; e.g. conjunctivitis, bronchospasm, bronchitis and asthma-like 
symptoms (Gummow, 2005). Moreover, different studies have reported other 
poisoning symptoms for vanadium, including weakness, nausea, vomiting, 
anorexia, tinnitus, headache, dizziness, green discolourisation of the tongue, 
b c d a 
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palpitations, transient coronary insufficiency, bradycardia with extra systoles, 
dermatitis, anaemia, leucopoenia, leukocyte granulation, lowering of cholesterol 
levels, cognitive deficits and reduction of neurobehavioral abilities (Assem and 
Levy, 2009; Reilly, 2008; Gummow, 2005). Vanadium toxicity depends on the 
valence, solubility and the concentration in the sample (Hope, 2008; Hope, 1997). 
Consequently, the determination of vanadium species is more important than total 
vanadium levels in environmental and biological samples.  
The toxicity of arsenic is highly dependent on its molecular structure. 
Researchers have shown that the inorganic species are more toxic to living 
organisms than the organic species and iAsIII  compounds are more toxic than iAsV 
(Sharma and Sohn, 2009; Duker et al., 2005; Hughes, 2002). The recommended 
daily intake of arsenic is between 12 – 25 g per day (Volfson et al., 2010). Several 
investigations have shown that the toxicity of arsenic to both human and animals 
can cause a wide range of illnesses, such as black foot disease, skin lesion, cancer 
of the brain, liver, stomach, bladder, lung and kidney, anemia, leukopenia, hearing 
loss, cardiovascular and peripheral vascular diseases, anomalies and type II 
diabetes mellitus (Rahman et al., 2015; Navas-Acien et al., 2013; Kempson and 
Lombi, 2011; Sharma and Sohn, 2009; Navas-Acien et al., 2008; Smith et al., 
1999). The recent reported lethal dose for 50% of the population in terms of human 
cells (LD50) are as follows for the different As species: DMAIII, iAsIII, DMAV, iAsV 
are 2.16, 5.49, 843 and 571 M (Sharma and Sohn, 2009; Naranmandura et al., 
2006). 
Fluoride occurs primarily as an anion (F-) in water (Hem 1985). The second 
prevalent form of fluoride in potable water is a magnesium fluoride complex (MgF+) 
(Edmunds and Smedley, 2013; Drouiche et al., 2012). Fluoride can also form 
different complexes with other elements, such as aluminium, boron, beryllium, iron, 
silica, uranium, and vanadium (Ozsvath, 2009). The bioavailability of fluoride is 
affected by the formation of complexes with other elements (Weinstein and 
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Davison, 2004). For example, the presence of sodium causes a 100% absorption 
of fluoride while calcium and aluminium cause a reduction of up to 70 % (WHO, 
2004). Fluoride has a high electronegativity and a radius value close to that of the 
hydroxyl group so it can replace the hydroxyl group in crystalline calcium hydroxyl 
apatite (Ca10 (PO4)6 (OH)2), which is the main content of bones and teeth 
(Mohapatra et al., 2009). This substitution can change the solubility and the 
hardness of these tissues (Weinstein and Davison, 2004; WHO, 1994). Studies 
have reported that around 200 million people from 25 different countries are in 
danger of developing fluorosis due to high fluoride levels in their drinking water, 
which is above the WHO guideline of 1.5 mg/l F- (Ayoob and Gupta, 2006; 
Weinstein and Davison, 2004; WHO, 2004). In addition, other diseases have been 
reported due to high fluoride exposure, such as dental and skeletal fluorosis, low 
blood pressure, keratolysis, fat and carbohydrate metabolism disturbance and skin 
irritation (Volfson et al., 2010). 
1.3.3 Metabolism 
There is no clear understanding of the mechanism of absorption, excretion 
and storage of vanadium in living systems (Mukherjee et al., 2004). Different 
studies have shown that only about 10% of the administrated vanadium is 
absorbed from the gastrointestinal organs. It has been suggested that vanadium 
transforms into its vanadyl form (VO2+) when in the stomach (Figure 1.7). Then it 
will be absorbed in the duodenum by an unknown mechanism. The absorption 
(Thompson and Orvig, 2006; Nriagu, 1998) of vanadate (VV) has been shown to 
be about five times higher than vanadyl (VIV) (Hirano and Suzuki, 1996). Moreover, 
spontaneous transformation of vanadyl into vanadate in vivo was stated 
(Thompson and Orvig, 2006; Nriagu, 1998). When vanadium reaches the blood 
system, vanadate is transformed to vanadyl; but some vanadate can also found in 
the blood system. Then, vanadate is transferred by transferrin while vanadyl is 
transported by both transferrin and albumin to other tissues including the liver, 
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kidney, brain, heart, muscles and bone (Assem and Levy, 2009; Mukherjee et al., 
2004). In tissue, vanadate may be reduced to vanadyl by reducing agents; e.g. 
glutathione (Mukherjee et al., 2004). Unabsorbed vanadium has been reported to 
be excreted through faeces (significant amount), bile and urine (Alimonti et al., 
2000). 
 
Figure 1.7: Proposed pathways of absorption, distribution and execration of 
vanadyl (VIV) and vanadate (VV) componds; modified from (Mukherjee 
et al., 2004). 
Arsenic pathways in the body begin via inhalation or ingestion (Pierce et al., 
2013). Arsenite (iAsIII) is the predominant species in air, while different inorganic 
species including arsenate (iAsV) or arsenite (iAsIII) can be found in water, soil or 
food (Jomova et al., 2011). The ingested iAsV ; that mimics phosphate and disrupts 
cellular activities, is transported into cells by pathways similar to those of 
phosphate or sulphate, but it is reduced to iAsIII inside the cells (Spuches et al., 
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2005). iAsIII is introduced into cells by aqua-glyceroporins (Liu et al., 2002). It has 
a strong affinity to sulphur-containing ligands which affects the activity of different 
enzymes, such as pyruvate dehydrogenase, glutathione, reductase, and 
thioredoxin reductase (Lin et al., 1999; Hu et al., 1998). The proposed metabolism 
of the inorganic arsenic species iAsIII and iAsV involves reduction of iAsV into iAsIII 
followed by oxidative methylation of iAsIII (Figure 1.8, (Cohen et al., 2006)). The 
reduction of iAsV can occur under a non-enzymatic condition using glutathione 
(GSH) as an electron donor or by an enzymatically catalysed reaction via 
glutathione-S-transferase (GST) omega class 1-1 (GSTO1-1) that requires 
glutathione (GSH) as a reductant (Schuhmacher–Wolz et al., 2009). 
 
Figure 1.8: The inorganic arsenic species metabolism pathway through reduction 
and oxidative methylation using glutathione (GSH) and S-
adenosylmethionine (SAM) modified from Cohen et al. (2013). 
Arsenite is then methylated to monomethylarsonate (MMAV) by methyl transferase 
(As3MT) via transfer of a donor methyl group from S-adenosylmethionine (SAM) 
(Cohen et al., 2013). Similarly, this is followed by the reduction of MMAV to produce 
dimethylarsinate (DMAV) (Cohen et al., 2013). DMAV is the major arsenic 
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metabolite for most mammals (Cohen et al., 2013; Cohen et al., 2006). Human 
bodies only excrete small portions of MMAV and in high arsenic exposure the 
DMAV undergoes further methylation to form trimethylarsine oxide (TMAVO) (Sidhu 
et al., 2015). 
Fluorine is a very electronegative element which has a high affinity to 
acquire negative charge and forms ions in solution (Barbier et al., 2010). Most of 
the fluoride ingested through drinking water or food is converted to HF complex in 
the stomach at pH 2 (Doull et al., 2006). The HF is then instantly absorbed from 
the stomach and small intestine by simple non-ionic diffusion (Ozsvath, 2009). The 
neutral HF can penetrate cell membranes faster (seven orders of magnitude) than 
F-, which results in a large intercellular intake (Whitford, 1999). HF dissociates 
when it enters a less acidic mucosa and releases fluoride (Doull et al., 2006). After 
absorption of fluoride (about 30 minute half-life), about 50 % is rapidly incorporated 
into developing bone and teeth (Whitford, 1999). The remaining is then excreted 
in urine (Ozsvath, 2009). Whitford (1999) showed that fluoride uptake by the 
skeleton of children is very efficient; 80 – 90 % compared to 60 % in adults, and it 
increases with age. The absorption of the soluble inorganic fluoride does not vary 
with water quality as it is controlled by stomach acidity (Maguire et al., 2005). On 
the other hand, the amount of absorption of the less soluble inorganic and organic 
forms of fluoride are complicated and varies with the presence of other dietary 
factors. For example, the addition of aluminium, calcium and magnesium salts to 
the diet forms less soluble fluoride compounds that can be excreted through faeces 
and urine (Cerklewski, 1997). Correspondingly, the presence of molybdenum, 
phosphate and sulphate increases the absorption of fluoride from the 
gastrointestinal tract (Ozsvath, 2009). 
1.3.4 Biomarker tissues 
Biomarkers are defined as indicators that reflect an event or condition in a 
biological system showing a measure of exposure, effect or susceptibility 
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(Santonen et al., 2015; Nordberg et al., 2004).The environmental exposure to 
essential and non-essential elements can be evaluated by the relationship 
between the biomarkers and the actual level of exposure (Slotnick and Nriagu, 
2006; Dor et al., 1999). Different factors can affect the validity of the biomarker 
exposures; such as specificity to the element of interest, understanding the 
background levels in the general population, modification of the biomarkers by the 
presence of other variables and the level of reproducibility (Dor et al., 1999). 
Moreover, other analytical factors can affect the validity including collection time, 
possible contamination and standardisation of protocols for preparation and 
analysis (Slotnick and Nriagu, 2006). Therefore, biomarker validation is a critical 
step for exposure studies because any misclassification or s in the measurement 
can lead to an inaccurate estimation of the disease risk (Gordis, 2000). Hair, nails, 
blood and urine have been widely used in exposure monitoring studies. Urine and 
blood reflects recent exposure (several days for urine and several weeks for blood) 
while hair and nails reflect long term exposure (6 – 12 months). Blood can be used 
only for recent exposure and it is invasive in which there is the possibility of disease 
transmission (Slotnick and Nriagu, 2006). Urine also has a small detection window 
and elemental levels vary with individual hydration, dose and time. On the other 
hand, both hair and nails have several advantages over urine and blood because 
sample collection is non-invasive and long term storage of the sample is possible 
(Slotnick and Nriagu, 2006).  
In this study hair and nails were used to investigate elemental exposure of 
vanadium, arsenic and other trace elements through drinking water. 
1.3.4.1 Scalp hair 
Hair has been used widely as a short to long-term (few days to months or 
years depending on the length) exposure biomarker (Santonen et al., 2015). It is 
an attractive biomarker compared to blood and urine because it has several 
advantages and unique qualities; it is easy to obtain, robust, storing does not 
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require special preservation and simple preparation techniques are required 
(Kempson and Lombi, 2011). Moreover, it is well proven that hair constituents are 
highly influenced by blood levels and composition (Kempson and Lombi, 2011). 
For this reason, anything ingested (xenobiotics and their metabolites) by 
individuals will be incorporated in trace levels into the growing hair which provides 
a time resolved profile (Pan and Li, 2015). On the other hand, it is complicated to 
tell the meaning of each element concentration. Moreover, sufficient time is 
required for the hair to emerge from the skin which may miss the previous few days 
of consumption before hair collection (Kempson and Lombi, 2011). In addition, 
different considerations might affect hair analysis including (Kempson and Lombi, 
2011; Slawson et al., 1998): (i) colour and melanin: studies showed that black or 
dark hair colour can bind larger quantities of organic molecules compared to light 
or white coloured hair. Moreover, melanin has been proven to have a greater 
potential for binding xenobiotics compared to phenomelanin (Lasisi et al., 2016; 
Slawson et al., 1998), (ii) contamination and natural deterioration: hair is 
susceptible to different contaminates such as dust, atmospheric pollutant and 
water borne content (Takahashi et al., 2015; Kempson et al., 2006). Furthermore, 
the elemental concentration is affected by natural deterioration that increases with 
increasing distance from scalp, followed by loss of protective proteins and a 
progressive loss of hair (Takahashi et al., 2015; Thibaut et al., 2010). Studies have 
revealed that the ability of UV-light to severely damage both keratin and melanin 
structures and consequently affect elemental concentrations (Takahashi et al., 
2015; Kempson and Lombi, 2011). Hair treatments such as henna dyes, shampoo 
with selenium and zinc for anti-dandruff formulations or hair pigments offer 
significant sources of contamination can influence the elemental levels of the 
sample (Smart et al., 2009). Hair colouring is stated to oxidise the disulphide bonds 
of keratin and consequently, causing more binding to Cd, Ni, Sb, Fe, Cu and Mn 
(Borowska and Brzóska, 2015; Smart et al., 2009), (v) hair structure and growth: 
curly hair have different binding proteins from straight hair which can lead to a 
variation in the capacity of elemental binding (Sriwiriyanont et al., 2011). Moreover, 
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hair growth varies from 6 - 36 mm/month which causes a large variation in the 
elemental levels related to exposure time for both exposed and unexposed 
individuals (Slotnick and Nriagu, 2006). Different physiological processes change 
with age. For example, melanin production is affected by age-related oxidative 
stress which affects elemental binding and the actual elemental concentration 
(Costin and Hearing, 2007). A study of the Korean population stated that Ca, Li, 
Mn, Na, P and Zn levels increased with age whilst Cr, V and U levels deceased 
with age (Park et al., 2007). Published studies have reported differences in 
elemental concentrations in hair samples based on gender (Chojnacka et al., 
2010). For example, a study stated that Fe and Bi levels are higher in girls while 
Na, Pb and Zn were higher in boys (Chojnacka et al., 2010). Moreover, Ca and Mg 
were found to be higher in female samples (Forte et al., 2005). Ethnicity can also 
affect elemental accumulation in hair. For example, African, Asian and Caucasian 
groups are different in colour and hence melanin, thickness, hair shape and protein 
composition (Kempson and Lombi, 2011). Different permeability was reported in a 
comparison between Chinese, African and Caucasian hair (Pötsch and Moeller, 
1996). Personal habits and seasonal fluctuations are also factors in which variation 
between individuals in the use of different shampoo, conditioners and hair colours, 
can have an impact on elemental levels. Moreover, some habits such as smoking 
have been shown to restrict the ingestion of some essential minerals and hence 
the result in a decrease in the concentrations of Ca, Cu, Fe, Mg and Zn (Unkiewicz-
Winiarczyk et al., 2009). In addition, changes in seasonal activities, sunlight 
exposure and dietary change can also have an impact on hair concentrations 
(Kempson and Lombi, 2011). Elemental transportation and interaction in biological 
systems are highly related to their species (Kakoulli et al., 2013). Different 
elemental correlations in hair have been reported; for example, V was found to 
correlate with both Al and Mg (Afridi et al., 2013; Faghihian and Rahbarnia, 2002). 
Lead has been shown to negatively correlate with Zn in a children study. Moreover, 
several studies have indicated a correlation between Ca and Mg (Takahashi et al., 
2015; Park et al., 2007). Genetic variations have shown to cause differences in the 
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elemental levels of some endogenous metals, such as As, Cd, Cu, Hg, Pb, Se and 
Zn in erythrocyte, blood and hair (Whitfield et al., 2010). Hair washing to remove 
exogenous contamination is vital, but no approach is universally applied. The most 
common published procedures used for hair washing are the proposed method by 
Rodushkin and Axelsson and the International Atomic Energy Agency (IAEA) 
method (Kempson and Lombi, 2011; Toro et al., 1993). The former method 
involves washing in a sequential order with acetone, deionised water and 0.5% 
Triton X-100 solution for few minutes in an ultra-sonic bath and shaker. Then, the 
hair is repeatedly washed with ultrapure water and dried at room temperature in a 
clean room (Kempson and Lombi, 2011). The IAEA method hasd recommended 
the alteration between polar and non-polar solvents. This method involves washing 
with acetone followed by two washes in deionised or redistilled water and finally 
with acetone; with each step lasting for 10 minutes in an ultra-sonic bath (Coelho 
et al., 2012). 
Hair analysis has been applied as a biomarker for essential (e.g. Ca, Cu 
and Zn) and non-essential elements (e.g. Pb and Hg), use in toxicology 
investigations, disease detection and anthropological studies since 1966 (Rahman 
et al., 2015; Kempson and Lombi, 2011). Numerous studies have revealed a large 
number of correlations with hair elemental levels (Kempson and Lombi, 2011) . 
Vanadium levels in hair are less studied compared to other trace elements such 
as arsenic, copper, iron, mercury and zinc. The reported reference levels of 
vanadium in unexposed hair range from 0.09 – 0.16 mg/kg V (Fernandes et al., 
2007; Pozebon et al., 1999). A review of the levels of vanadium reported in hair 
samples from different countries is presented in Appendix B.  
Arsenic exposure via drinking water is a major public health problem in 
different countries, especially in West Bengal of India, Bangladesh and China (Pan 
and Li, 2015; Rahman et al., 2015). The reported normal levels of arsenic in human 
hair range over 0.08 – 0.25 mg/kg (Das et al., 1995). On the other hand, the 
reported high exposure levels of arsenic in hair have an average of 3.29 mg/kg As 
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in Bangladesh, (Rahman et al., 2015) and a range of 0.27 to 57.2 mg/kg in 
Cambodia (Phan et al., 2013). Appendix B shows the reported levels of arsenic in 
hair from different countries. 
1.3.4.2 Fingernails and toenails 
Toe and fingernails have increasing applications for elemental exposure. 
They are composed of a fused slightly elastic dense mass of flattened keratinised 
cell layers that may bind to several elements (Walters et al., 2012). Many 
similarities exist in the chemical composition of nails and hair, e.g. they are both 
rich in alpha-keratin that includes a large amount of cysteine residues. Nails 
contain 22% but hair contains only 12 % of cysteine residue due to the disulphide 
groups that enable nails to trap more elements (Goullé et al., 2009). Moreover, 
unlike hair that is contaminated by external contamination and cosmetic 
procedures that decrease the elemental content, nails are not affected by external 
contaminants (He, 2011). In addition, nails contain no melanin which enables 
simple interpretation (Slotnick and Nriagu, 2006). 
The growth rate of nails is about 2-3 mm per month (Slotnick and Nriagu, 
2006). Fingernails and toenails grow at different rates. Fingernails grow by an 
average rate of 0.1 mm/day and it takes about 6 months for the complete growth 
of a fingernail. Toenails however have a slower growth rate; 0.03 – 0.05 mm/day 
and 12 – 18 months, for a complete growth. Therefore, elemental accumulation 
depends on the nail type, growth rate and sample length (Slotnick and Nriagu, 
2006).  
Different considerations have to be undertaken in using nails as biomarkers 
for elemental exposure including (i) growth rate: faster growth rate was observed 
in the cases of pregnancy and warmer weather (Fleckman, 1997). On the other 
hand, slower growth was reported with some medical conditions such as poor 
nutrition, Beau’s lines, hypothyroidism, and yellow nail syndrome (Slotnick and 
Nriagu, 2006; Fleckman, 1997), (ii) gender: men nails have a faster growth rate 
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when compared with females (Fleckman, 1997), (iii) age: nail growth rate is high 
at an age range of 10 to 14 years, but decreases as the age increases (He, 2011). 
There is no standard protocol for nail collection or washing procedures 
(Slotnick and Nriagu, 2006). However, the advisable method is to collect samples 
from 10 fingers/toes to account for longer time exposure, minimise growth variation 
and collecting enough for analysis (Slotnick and Nriagu, 2006). Garland et al. 
(1993), recommended the use of toenails that will provide minimum external 
contamination and a wider exposure widow. Some studies have reported a 
modified hair-washing procedure to that recommended by the International Atomic 
Energy Agency (IAEA) (Pan and Li, 2015; Samanta et al., 2004; Mandal et al., 
2003) while others have used different washing procedures as reviewed by 
Slotnick and Nriagu (2006).  
The proposed reference level of 33 – 34 elements in fingernails (n = 130 
volunteers) and toenails (n = 50, paired with fingernails) for individuals who were 
healthy and not-exposed to medication, analysed using inductively coupled 
palsma mass spectrometry (ICP-MS), were reported by (Goullé et al., 2009). 
Vanadium reference levels in fingernails and toenails were over the range 0.027 – 
0.114 mg/kg V and 0.007 – 0.070 mg/kg V, respectively (Goullé et al., 2009). The 
reported reference levels of arsenic in fingernails and toenails in the same study 
were 0.024 – 0.404 mg/kg As and 0.033 – 0.413 mg/kg As, respectively. Moreover, 
the normal range for arsenic levels in nails is 0.43 – 1.08 mg/kg As reported by 
Das et al. (1995). A wide range of studies investigated the levels of vanadium and 
arsenic in nails in low and high exposure locations which are detailed in Appendix 
B.  
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1.4 Vanadium, Arsenic and Fluoride in Argentina 
Vanadium, arsenic and fluoride originate from both natural (geochemical) 
systems and various anthropogenic sources (Rango et al., 2013; Nicolli et al., 
2012a; Aiuppa et al., 2006; Smedley and Kinniburgh, 2002). It has been reported 
that the co-contamination of arsenic and fluoride is common in arid and semi-arid 
regions where the aquifers of these areas are under oxidising conditions (Reyes-
Gomez et al., 2013). Moreover, the Fe-(hydr)oxides are the major sources of 
arsenic and fluoride desorption at high pH levels as found in Mexico (Reyes-
Gomez et al., 2013; Wyatt et al., 1998), Pakistan (Li et al., 2012), Yuncheng Basin 
in China (Currell et al., 2011) and Argentina (Alarcón-Herrera et al., 2012; 
Bhattacharya et al., 2006b). Argentina has one of the largest arsenic affected 
areas in the World (Nicolli et al., 2012a). It has been estimated that an area of 
approximately 106 km2 of the Chaco-Pampean plain in Argentina has groundwater 
with elevated arsenic levels (Smedley et al., 2002). Many studies have investigated 
high levels of As, F, U, B, Se, Sb and Mo in water, soil, human samples and food 
products in different parts of Argentina (Farnfield et al., 2012; López et al., 2012; 
Nicolli et al., 2012a; Bermudez et al., 2011; Heredia and Cirelli, 2009). The geology 
of the northern areas of La Pampa province in Argentina comprises of a crystalline 
basement that is covered by clastic sediments with low permeability and a fine 
texture aquifer (Nicolli et al., 2012a). The central part of La Pampa has been 
investigated in terms of the arsenic and associated trace element (Fe, Mn, Mo, V, 
Se and Sb) levels in groundwater  (Díaz et al., 2016; Farnfield, 2012; O’Reilly et 
al., 2010; Smedley et al., 2005; Smedley et al., 2002; Smedley et al., 2001). The 
co-occurrence of the above elements was associated with alkaline pH and a 
sodium bicarbonate environment. This is a favourable environment for vanadium, 
arsenic and fluoride to leach into the groundwater because it enhances desorption 
from Fe-(hydr)oxides and an exchange with the hydroxide ions (Li et al., 2012; 
Nicolli et al., 2012a; Rango et al., 2010; Wang and Sañudo Wilhelmy, 2009). 
Moreover, Alarcón-Herrera et al. (2012) connected the co-occurrence of arsenic 
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and fluoride in growndwater in Argentina with volcanic eruptions, geothermal 
currents and mining activities. A table of the co-occurrence of vanadium, arsenic 
or fluoride reported in the literature is presented in Appendix B. 
No detailed investigations have been made on the levels of arsenic (total 
and species) and the inter-relationship with vanadium (total and species), 
selenium, iron, manganese, fluoride and the physicochemical properties of waters 
from the rural and urban wells of General San Martin (La Pampa) and San German 
(Buenos Aires). A detailed study will be presented in Chapter 4. 
1.4.1 Methods of Removal 
High levels of vanadium, arsenic and fluoride, exceeding the notification 
levels or the WHO guidelines in drinking water, are the reason behind increasing 
health problems worldwide. Therefore, potable drinking water with levels 
exceeding the guidelines for drinking water should be treated before consumption.  
A large number of studies have reported several removal methods for 
vanadium from aqueous solution (Padilla-Rodríguez et al., 2015; Perales-Pérez 
and Román-Velázquez, 2014). Examples of these removal methods are involving 
ion exchange (Hu et al., 2009; Yeom et al., 2009), activated carbon (Sharififard et 
al., 2016; Namasivayam and Sangeetha, 2006), aluminium-pillared bentonite 
(Manohar et al., 2005), protonated chitosan (Padilla-Rodríguez et al., 2015), 
modified chitosan (Liu and Zhang, 2015; Qian et al., 2004), waste metal sludge 
(Bhatnagar et al., 2008), sodium carbonate softening (Parks and Edwards, 2006), 
Fe(III)/Cr(III) hydroxide waste (Prathap and Namasivayam, 2010; Namasivayam 
and Prathap, 2005), calcium hydroxyapatite (CAP) adsorption (Vega et al., 2003), 
modified pine sawdust (Leiviskä et al., 2015) and electrocoagulation (Kobya et al., 
2014). 
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Similarly, arsenic removal methods have been investigated such as ion 
exchange (Zongliang et al., 2012), adsorption (Sharma et al., 2010; Zhang et al., 
2010; Nguyen et al., 2006), coagulation and precipitation (Bora et al., 2016; 
Baskan and Pala, 2010), membrane process (Zhang et al., 2016; Pirgalıoğlu et al., 
2015; Gerente et al., 2010; Ergican and Gecol, 2008), bio-sorbents (Zhang et al., 
2016; Gerente et al., 2010), and electrocoagulation (Emilijan et al., 2014; 
Balasubramanian et al., 2009; Gomes et al., 2007). Arsenic removal methods have 
been reveiwed by Jadhav et al. (2015).  
Defluoridation can be done at both household or community levels (Jadhav 
et al., 2015). Different techniques have been applied to remove fluoride from 
potable water such as ion exchange (Cai et al., 2016; Chen et al., 2011b), 
adsorption (Gong et al., 2012a; Bhatnagar et al., 2011), membrane process (Shen 
et al., 2015; Richards et al., 2010) coagulation and electrocoagulation (Pulkka et 
al., 2014; Gong et al., 2012a; Behbahani et al., 2011). 
Removal methods, other than electrocoagulation are time-consuming, can 
induce secondary pollutants due to the addition of other chemicals and can be 
expensive. These disadvantages encourage the use of electrocoagulation for 
pollutant removal (vanadium, arsenic and fluoride). Electrocoagulation does not 
require additional chemicals, produces less sludge, and generates large size flocs 
which can be easily filtered, is simple and easy to operate. 
1.4.2 Electrocoagulation (EC) 
Electrocoagulation (EC) is an electrochemical process that applies an 
electric current to remove pollutants from a solution (Bazrafshan et al., 2015). 
Pollutants are stabilised in the solution by electric charges. Generation of 
oppositely charged ions from the electrodes neutralise the charged pollutants 
which are consequently destabilised and precipitate into a stable form. EC is an 
effective technique for removing total suspended solids, dyes, dissolved metals 
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and tannins (Bazrafshan et al., 2015). EC is preferred in water treatment over other 
removal methods because the treated water is potable, clean, colourless, 
odourless and does not generate secondary contaminants (Bazrafshan et al., 
2015). Moreover, it requires low energy that can be generated using a solar panel 
or wind power. EC has been applied widely for eliminating ionic species and metals 
from aqueous solutions such as fluoride (Aoudj et al., 2015), nitrate (Ghanbari et 
al., 2014), sulphide (Apaydin et al., 2009), phosphate (Attour et al., 2014), arsenic 
(Emilijan et al., 2014), cadmium (Vasudevan et al., 2011), chromium (Aoudj et al., 
2015), copper (Akbal and Camcı, 2011), mercury (Vasudevan et al., 2012), nickel 
(Jun et al., 2015), and vanadium (Kobya et al., 2014).  
The removal efficiency of EC can be influenced by several factors for 
example, operation mode, applied voltage/current, pH, conductivity, contact time 
and distance between electrodes (Bazrafshan et al., 2015). EC can be operated in 
batch or continuous mode. Each mode requires specific conditions. For instance, 
continuous operation requires large volumes, fixed pollutant concentrations and a 
fixed flow rate. Batch mode is time dependent (Khandegar and Saroha, 2013b). 
The treated solutions must have at least minimum levels of conductivity which are 
required for the flow of the electric current. Electric current can be direct or 
alternating. Direct current causes corrosion of the electrodes due to the oxidation 
process. This can be reduced by the use of an alternating current, which improves 
the electrode life and the percentage removal (Mollah et al., 2001). pH is a very 
important factor that influences the EC removal efficiency (Jun et al., 2015). The 
optimum pH has to be evaluated as the removal efficiency and the precipitation 
take place at a specific pH (Verma et al., 2013). This is because of the production 
and consumption of hydroxide ions which influence the precipitation of the formed 
coagulants during the EC process (Cañizares et al., 2009). The efficiency of EC 
removal is also influenced by the electrolysis time. The longer the contact time the 
higher the efficiency until it reaches an optimum removal level; thereafter it shows 
no effect. The electrode arrangement and the distance between the electrodes 
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play an important role in the cost (Bukhari, 2008). For high conductivity solutions, 
the larger the space between the electrodes, the less energy consumption, while 
it is the opposite with low conductivity solutions (Bazrafshan et al., 2015). The 
optimum distance between the electrodes requires evaluation to maintain good 
removal efficiency. If the distance between the electrodes is less than the optimum, 
it will increase the electrostatic attraction between the formed metal-hydroxides 
flocs which subsequently get degraded due to collisions, resulting in a decrease of 
the removal efficiency (Aoudj et al., 2015). On the other hand, increasing the 
distance from the minimum to the optimum can improve the removal efficiency due 
to the reduction in the electrostatic effect because of the slower movement of the 
produced ions and the slower formation of the flocs (Aoudj et al., 2015). Increasing 
the distance further than the optimum, however, also causes a reduction in the 
efficiency. This is because of the increase in the travel time of the ions and the 
decrease in the electrostatic attraction leading to less formation of the flocs 
required to coagulate the pollutants (Aoudj et al., 2015). There are some limitations 
that need to be considered when using EC, such as a periodic replacement of 
anodes, the requirement of a minimum solution conductivity, the possibility of the 
formation of chlorinated toxic organic compounds in solutions containing chloride, 
and the high cost of electricity (Mollah et al., 2001). 
In this study, electrocoagulation using iron/aluminium electrodes was 
applied in-field and in the laboratory involved using solar panels or an electric 
current to investigate a possible easy, simple and an environmentally friendly 
removal method for vanadium, arsenic and fluoride for farmers exposed to high 
levels of these species in their drinking water. The mechanism of removal and the 
principles will be detailed in Chapter 6.  
Chapter 1: Introduction 
42 
1.5 Aims and Objectives 
There is an increasing demand to determine the levels of vanadium, arsenic 
and fluoride in the environmental and biological samples in high exposure areas in 
Argentina (Puntoriero et al., 2014; Ward et al., 2014; Giménez et al., 2013; 
Farnfield et al., 2012; Espósito et al., 2011). This is due to the possible health 
implications for humans and animals that might occur from the intake of these 
chemicals from the environment (Imtiaz et al., 2015; Jadhav et al., 2015; Aballay 
et al., 2012; Nicolli et al., 2012b; Rosso et al., 2011). Literature shows high levels 
of vanadium in groundwater from Argentina with a limitation in data on the actual 
species present and whether there exists a possible correlation with arsenic (total 
and species) or fluoride (Lord, 2014; Puntoriero et al., 2014; Ward et al., 2014; 
Farnfield, 2012; Nicolli et al., 2012a; Bundschuh et al., 2011) in local drinking 
waters.  
The primary aim of this study was to develop a method for vanadium 
speciation by using a solid phase extraction (SPE) method which can be applied 
in the field in conjunction with a similar methodology for arsenic speciation, total 
trace element and fluoride analysis. Furthermore, any developed SPE method 
needs to be validated, for example, by using inter-laboratory comparison with high 
performance liquid chromatograph (HPLC) and thereby calculating the percentage 
recovery and applying an estimate of the efficiency of the developed method 
through using statistical comparison tests. 
The secondary aim was to establish the inter-relationship between, 
vanadium (total and species), arsenic (total and species), fluoride and other trace 
elements in water samples from different geographical locations in Argentina (Río 
Negro, La Pampa, Buenos Aires) with a view to assessing the levels of 
bioavailability and the potential impact on human health (evaluated using scalp 
hair and nail samples).  
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The third aim was to investigate a possible removal method (simple and 
cheap) of vanadium, arsenic and fluoride from groundwater using 
electrocoagulation. The electrocoagulation method using iron and aluminium 
electrodes was applied in-field (operated with a solar panel) and in the laboratory 
(operated with mains electricity) to evaluate the optimum operating conditions and 
limitations. 
1.5.1 Objectives 
The specific objectives of this study were to: 
 develop and validate a field-based solid phase extraction (SPE) 
method for vanadium speciation; 
 evaluate the efficiency of the developed SPE method through 
comparison with the total vanadium levels and validation using inter-
laboratory comparison studies; 
 establish a method for the determination of vanadium, arsenic and 
other trace elements (Al, Cu, Fe, Mn, Mo, U and Zn) in water and 
biological samples (hair and nails), with methods of validation; 
 determine fluoride levels in water using an ion selective electrode 
(ISE) and validate the ISE technique using a certified reference 
material and inter-analytical technique comparison with ion 
chromatography (IC); 
 evaluate vanadium, arsenic, fluoride and other trace elements in 
water and human samples from three provinces in Argentina; Río 
Negro, La Pampa (north east and central north) and Buenos Aires 
(north west and Moron); 
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 determine the correlation between vanadium (total and species) and 
arsenic (total and species) in water samples; 
 investigate whether any statistically significant correlations exist 
between the levels of vanadium, arsenic and other trace elements 
(Al, Cu, Fe, Mn, Mo, U and Zn) determined in water samples and 
corresponding human samples; 
 evaluate the link between vanadium and arsenic levels in human 
samples and human health; and 
 investigate the suitability of the electrocoagulation removal method 
for the treatment of vanadium, arsenic and fluoride in water samples 
based on an urgent need to be applied as an in-field methodology, 
especially in remote farming areas of Argentina. 
Chapter 2 discusses the analytical methodology and instrumentation used 
to achieve the aims and objectives of this study. Chapter 3, evaluates the 
vanadium speciation method developed using SPE, method validation and field-
based application. Chapter 4, reports the results of monitoring vanadium (total and 
species), arsenic (total and species), fluoride and other trace elements in water 
and the possible inter-relationship between these chemicals in water. Chapter 5, 
details the finding of the levels vanadium, arsenic and other trace elements in 
human samples (hair and nails) and the possible correlation with the levels in water 
which could potentially be linked to human health problems. Chapter 6 reports the 
removal of vanadium, arsenic and fluoride using electrocoagulation. The 
Conclusion is given in Chapter 7.  
 
Chapter 2 Analytical Methodology 
45 
: 
 
Analytical Methodology 
  
Chapter 2 Analytical Methodology 
46 
2.0 Introduction  
The achievement of the aims and objectives of this research required the 
collection and analysis of water and human samples (hair, fingernails and toenails) 
from Argentina. The analytical sequence of this research is presented in Figure 
2.1.  
In this chapter the sample collection, preparation, instrumentation and 
statistical tests are summarised. The sample collection and preparation 
procedures are outlined in sections 2.1 and 2.2. In addition, inductively coupled 
plasma mass spectrometry (ICP-MS) was the technique used for the analysis of 
all trace element levels in sample solutions. The ICP-MS principles, 
instrumentation, and figures of merit are defined in section 2.3. Arsenic speciation 
for the inorganic forms, namely arsenite (iAsIII) and arsenate (iAsV), and the 
methylated forms of monomethylarsonic acid (MAV) and dimethylarsinic acid 
(DMAV), was applied in-situ using a novel solid phase extraction method (SPE). 
The arsenic speciation technique is outlined in section 2.4, while vanadium 
speciation (VIV and VV) will be discussed in Chapter 3. High performance liquid 
chromatography (HPLC) was used for inter-laboratory comparison between 
vanadium species using SPE-ICP-MS and high performance liquid 
chromatography HPLC-ICP-MS (Chapter 3.3). The principles of HPLC and the 
instrumentation are described in section 2.5.  
Fluoride levels in all water samples were analysed using an ion selective 
electrode (ISE), with an inter-laboratory comparison for this anion undertaken 
using ion chromatography (IC). Both ISE and IC techniques are discussed in 
sections 2.6 and 2.7, respectively. At the end, the statistical equations and tests 
that have been used throughout this research are defined in section 2.8.  
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Figure 2.1: Analytical sequence for this study. (As = arsenic, V = vanadium, SOP 
= standard operating procedure, TISAB II = total ionic strength 
adjustment buffer, SPE = solid phase extraction, IC = ion 
chromatography, HPLC = high performance liquid chromatography). 
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2.1 Sample Collection and Preparation: Water  
Water samples (surface, tap and groundwater) collected from different 
provinces in Argentina, namely Río Negro (General Roca), Buenos Aires Capital 
Federal (Moron), southeast Buenos Aires (San German) and La Pampa (General 
San Martin, Eduardo Castex, Ingeniero Luiggi and General Pico).  
2.1.1 Collection and field-base preparation  
Surface water, tap water and groundwater samples for total elemental 
analysis using (ICP-MS) were collected in 15 ml centrifuge tubes (Fisher Scientific, 
Leicestershire, UK). They were all acidified with 1% v/v nitric acid (HNO3, Aristar®, 
Fisher Scientific, UK) added prior to sample collection to preserve the trace 
elements (Batley, 1999). The samples were drawn up into a disposable, clean and 
rinsed (three times with the collected sample) 20 ml BD™ plastic syringe (BD 
Plastipak™, Oxford, UK). Each sample was injected into the tube after passing 
through a 0.45 µm membrane filter (Millex®-GP, Millipore, Hertfordshire, UK) 
attached at the end of the syringe. Filtration and acidification procedures are 
important in the preservation of trace elements in solution. This is because the filter 
removes any suspended solids, thereby eliminating possible trace element-
particulate precipitation, and reducing bacterial activity which may result in 
elemental complexation (Kumar and Riyazuddin, 2010; McCleskey et al., 2004; 
Pandey et al., 2004). Moreover, unfiltered samples can not be run through the 
inductively coupled plasma mass spectrometry as it can block the nebulizer. 
Farnfield 2012 showed minor differences in the elemental levels between the 
acidified filtered and unfiltered samples. Samples for fluoride and other anion 
analysis were filtered and collected into clean, non-acidified 25 ml polyethylene 
containers (Fisher Scientific, Leicestershire, UK) or a 7 ml Bijou™ container 
(Sigma-Aldrich®, Dorset, UK). Arsenic speciation sampling was done for some 
samples by passing a 30 ml aliquot through a preconditioned solid phase 
extraction cartridge (SPE) (section 2.4.3) according to the method developed by 
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Watts et al. (2010). Water samples for vanadium speciation were collected using 
the developed SPE technique, which will be detailed in Chapter 3. All samples 
were kept refrigerated at < 4 C where possible, until transported to the University 
of Surrey.  
2.1.2 Physicochemical water parameters  
Physiochemical properties including temperature (T, C), pH, electrical 
conductivity (EC, µS/cm), total dissolved solids (TDS, mg/l) and redox potential 
(Eh/SHE, mV) were measured at the time of sampling (prior to filtration or 
acidification).  
Table 2.1: Specification of physiochemical parameters (T, pH, EC, TDS and 
Eh/SHE) using )i( HI 98129 Digital Combo Meter (Hanna® instruments, 
Bedfordshire, UKpH-) and (ii) HI 98120 Digital ORP Meter (Hanna® 
instruments, Bedfordshire, UK) (Hanna., 2007; Hanna., 2005). 
 
Physiochemical Parameters 
 
Range at 20 ºC 
 
Accuracy 
 
T (ºC) -5 – 60 ± 0.5 
pH 0 – 14 ± 0.05 
EC (µS/cm) 0 – 3999 μS/cm ± 2% 
TDS (mg/l) 0 – 2000 2% 
Eh/SHE (mV) ± 1000 ± 2  
Two hand-held calibrated devices were used to measure the 
physiochemical parameters: (i) HI 98129 Digital Combo Meter (Hanna® 
instruments, Bedfordshire, UK) and (ii) HI 98120 Digital ORP Meter (Hanna® 
instruments, Bedfordshire, UK). The first device (i), was used to measure pH, EC, 
TDS and temperature. The second device (ii) was used to measure Eh/SHE The 
specifications for the measurement of each parameter are given in Table 2.1 
(Hanna., 2007; Hanna., 2005). The first device (i) required calibration for pH and 
EC/TDS measurements, whilst the second device (ii) required no calibration 
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following factory set-up. In-house calibration was conducted for the first device (i). 
The pH calibration was conducted by a two-point calibration using two buffer 
solutions of pH 4.01, 7.01 or 10.0. The conductivity calibration was undertaken 
using a calibration solution of 1413 μS/cm (HI 70031P, Hanna® instruments, 
Bedfordshire, UK).  
2.1.3 Sampling strategy 
A study was undertaken to establish the sampling strategy for different 
times of groundwater flow (the time takes the water from starting the pump until it 
comes out of the pipe), different positions of the sample collection from the same 
location, and the type of pipe delivering groundwater into the same well. The above 
investigations were commenced at the start of this research. It should be stressed 
that groundwater samples were taken from the outflow pipe of a wind-driven pump 
in which the flow was dependent on the wind strength at the time of sampling. In 
some cases, when a pump was working at low pressure (due to minimal wind) 
water samples were taken from the outflow tank, which are mainly concrete 
structures of 3 to 5 m in radius, depth of 1.5 m and open topped (refer to Figure 
2.2). Throughout this section refer to Table 2.2 for information on the location of 
the sampling sites. Initially, samples were collected at different flow times of 0 – 30 
minutes and 0 – 5 minutes at location SI and CM-ruta-35. Table 2.2 shows that 
there is a slight decrease with time in the levels of electrical conductivity (EC: 2882 
to 2651 S/cm), and total dissolved solids (TDS: 1440 to 1345 mg/l). Also, a slight 
increase was observed with the redox potential (Eh: 67 to 111 mV) in sample SI 
which may be due to the water in the well pipe changed redox state as it flowed 
from the underground source. This is not surprising since the water flow is 
controlled by a wind generated pump. The same observation was found with the 
sample CM-ruta-35, except Eh showed a slight decrease (69 to 64 mV).  
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Table 2.2: Sampling strategy study for the collection of groundwater samples from 
wells, in terms of time, water flow rate and the type of pipe used. 
Physiochemical data including pH, electrical conductivity (EC 
(µS/cm)), temperature (T (°C)), total dissolved solids (TDS (mg/l)) 
and redox potential (Eh/SHE (mV)). 
 
Sample Code 
 
Study Description 
(t is time, minutes) 
 
pH 
 
EC (µS/cm) 
 
T (°C) 
 
TDS (mg/l) 
 
Eh/SHE (mV) 
 
SI *t = 0 7.03 2882 22.0 1440 67 
t = 5 7.67 2706 21.6 1365 85 
t = 15 7.58 2688 21.4 1362 106 
t = 30 7.75 2651 21.4 1345 111 
CM-ruta-35 t = 0 7.74 2012 17.5 1003 69 
t = 0 7.74 1955 17.1 977 64 
t = 5 7.74 1994 16.9 972 45 
tank 8.27 2006 19.1 1004 63 
SI under the flow (A1) 7.34 2397 20.0 1195 56 
under the flow (A2) 7.00 2435 24.1 1210 57 
position (B) 7.48 2434 20.1 1214 100 
position (C) 7.54 2444 20.3 1224 79 
from flow ( D ) 7.10 2412 24.3 1198 118 
(A3) 7.62 2375 20.5 1186 104 
position (E) 7.62 2436 20.9 1215 88 
F4-ruta35 measurement out of the site 8.18 1173 19.4 585 80 
tank-2 8.34 1168 19.4 584 81 
outflow- 1 7.69 1141 21.4 570 104 
outflow- 2 7.59 1138 21.3 569 109 
F-ruta154 outflow- 1 7.00 > 3999 23.3 > 1999 118 
tank 7.72 > 3999 21.9 > 1999 106 
outflow- 2 6.93 > 3999 21.4 > 1999 108 
CPM-ruta-154 metal pipe - 1 7.42 2482 25.6 1242 -8 
plastic pipe-1 7.45 1448 26 725 67 
tank with both pipes 7.83 2648 23.4 1322 90 
metal pipe 2 -pump 7.66 1837 25 924 72 
plastic pipe - 2 7.62 2572 25.4 1284 91 
*t= time for water to go out of the pipe, SI = San Ignacio in Bernasconi, La Pampas, CM-ruta-35 
= Campode Mauricio along ruta 35, La Pampa, F4-ruta 35 = farm 4 north west General San 
Martin along ruta 35, La Pampa, F-ruta 154 = farm along ruta 154, La Pampa, CPM-rut-154 = 
Canepele Pozo Molino, well with two metal pipes, La Pampa. 
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Sampling from different positions of the tank and different depths was undertaken 
for sample SI. The physiochemical properties varied slightly from one position to 
another (A - D) as can be seen in Figure 2.2. Investigation of the effect of sampling 
from the well outflow or from the tank (samples F4-ruta 35 and F4-ruta 35) showed 
similar physiochemical properties, with the exception of the sample from the tank 
which had slightly higher levels of pH and lower Eh. In addition, doing the analysis 
off-site (outside the farm) showed similar sample physiochemical properties as 
sampling from the tank. Another study was undertaken to investigate the 
differences in sampling from different pipes (plastic or metal) as can be seen with 
sample CPM-ruta-154. The sample from the metal pipe-1 showed lower values of 
Eh (- 8 mV) and higher values of EC (2482 µS/cm) and TDS (1242 mg/l) compared 
to the sample from plastic pipe -1(67 mV, 1448 µS/cm and 725 mg/l for Eh, EC and 
TDS, respectively). The same observation was seen for Eh when comparing the 
metal pipe 2 (72 mV) and plastic pipe 2 (91 mV). Arsenic speciation for some of 
the above sites was also undertaken (Table 2.4). Elemental analysis was done for 
each collected sample. The results are presented in Table 2.3. There was a slight 
decrease of As, Fe, Mn and V levels between starting the flow (t = 0), and after 5 
minutes (site SI and CM-ruta-35). On the other hand, almost no change was 
observed in the elemental levels for a groundwater flow of 5 – 30 minutes for site 
SI. 
Sampling from different locations (sample SI, A-E, Figure 2.2) of the tank 
basically showed the same elemental results (Table 2.3), with only slightly higher 
levels for the sample taken directly (D) from the well outflow (1- 6 g/l higher) for 
As, V and Se. The elemental analysis of sampling from outflow-1 (A1) and outflow-
2 (A2) showed the same results. Comparing the pipe types (sample CPM-ruta-
154, Table 2.3), metal pipes showed slightly lower elemental levels of As, V and 
F-, and higher levels of Fe, Mn and Se compared to plastic pipes samples. For this 
particular well the metal pipe showed slight signs of corrosion on the outside. In 
the light of these findings the water samples from this well were taken from the 
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plastic pipe after a period of 5 minutes of water flow once the pump was in 
operation. 
Table 2.3: Sampling strategy study of time, flow rate and pipe type and elemental 
analysis of Al, As, Fe, Mn, Se, V (g/l) and F- (mg/l). 
Sample 
Code* 
Study Description 
(t is time, minutes) 
Al As Fe Mn Se V *F- 
SI 
t = 0 18.6 81.80 21.8 < 0.04 4.30 321.36 1.40 
t = 5 23.4 75.89 13.1 0.10 6.12 315.56 1.60 
t = 15 12.5 74.34 8.5 < 0.04 5.80 308.78 1.62 
t = 30 10.1 74.31 6.6 < 0.04 6.02 310.40 1.63 
CM-ruta-
35 
t = 0 13.0 266.96 126.0 6.05 6.13 1380.60 13.73 
t = 0 42.7 271.17 345.6 5.86 6.01 1349.81 13.26 
t = 5 9.3 265.03 2.3 4.14 5.75 1444.04 13.68 
tank 8.4 279.19 5.2 0.75 5.49 1429.71 14.35 
SI 
under the flow (A1) 13.2 68.14 2.3 < 0.04 5.40 300.96 1.83 
under the flow (A2) 8.2 66.57 < 1.0 < 0.04 5.33 295.41 1.88 
position (B) 12.5 65.90 < 1.0 0.09 4.78 281.30 1.80 
position (C) 10.3 64.82 < 1.0 0.09 4.65 289.55 1.78 
from flow ( D ) 10.1 69.86 < 1.0 < 0.04 5.36 308.24 1.77 
(A3) 13.1 66.51 0.4 0.21 5.25 282.55 1.73 
position (E) 10.8 64.56 0.5 0.46 4.53 276.45 1.78 
F4-ruta35 
out of the site 29.6 76.97 60.9 2.05 1.68 338.54 5.36 
tank-2 12.6 77.63 55.9 0.77 1.70 330.04 5.30 
outflow- 1 10.9 61.67 564.4 10.99 1.83 343.90 5.03 
outflow- 2 10.0 61.47 548.3 11.19 1.92 345.10 5.04 
F-ruta154 
outflow- 1 7.7 52.43 15.4 1.94 7.23 228.97 1.11 
tank 11.8 50.65 2.0 3.45 6.84 172.50 1.17 
outflow- 2 9.9 48.93 9.0 2.87 7.49 230.76 1.09 
CPM-
ruta-154 
metal pipe - 1 11.8 17.66 135.9 5.19 11.89 165.81 1.66 
plastic pipe-1 10.2 26.84 < 1.0 0.12 8.39 215.27 1.78 
tank with both pipes 9.6 22.85 23.0 2.25 9.58 190.42 1.68 
metal pipe 2 -pump 15.3 22.41 764.3 5.88 11.96 179.94 1.60 
plastic pipe - 2 16.8 28.35 37.8 0.52 9.73 208.60 1.74 
*SI = San Ignacio in Bernasconi, La Pampa, CM-ruta-35 = Campode Mauricio along ruta 35, La Pampa, F4-ruta 35 = 
farm 4 north west General San Martin along ruta 35, La Pampa, F-ruta 154 = farm along ruta 154, La Pampa, CPM-rut-
154 = Canepele Pozo Molino, well with two metal pipes, La Pampa. NOTE: Decimal places of each measurement are 
based on limit of detection (sections 2.3.5 & 2.6.3) 
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Figure 2.2: Sampling strategy for the collection of groundwater at different 
positions of the tank (A1, A2, B, C and E) and from the outflow of the 
well-head at SI site (Table 2.2). 
The speciation of arsenic for groundwater samples collected from different 
positions and as a function of well outflow (Figure 2.2) was undertaken and the 
data are reported in Table 2.4. Higher iAsIII species were observed in the samples 
collected from the well outflow compared to the samples collected from the tank. 
This can be explained by the possible oxidation of iAsIII into iAsV by the 
environmental oxygen during the pumping of the groundwater, and the possible 
precipitation of As after complex formation with iron and manganese in the water 
or from the metal pipe. Moreover, metal pipe samples showed less total arsenic as 
well as lower iAsIII compared to plastic pipes.  
Out-flow 
D 
B 
C 
A1, A2 
E 
Water level ½ m 
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Table 2.4: Sampling strategy study of time, flow rate, pipe type, elemental analysis 
of arsenic (AsT) and arsenic species (iAsIII, iAsV, MAV, DMAV). 
Sample Code* 
Study Description 
(t is time, minutes) 
AsT iAsIII iAsV MAV DMAV 
SI 
under the flow (A1) 68.14 48.1 5.89 2.65 0.74 
under the flow (A2) 66.57 46.5 6.13 2.61 0.59 
position (B) 65.90 47.6 5.00 2.43 0.86 
position (C) 64.82 44.1 1.93 2.46 0.96 
position (D) 64.56 49.0 4.46 2.42 0.98 
CPM-ruta 154 
metal pipe - 1 17.66 13.5 0.90 0.65 0.33 
plastic pipe-1 26.84 22.2 1.64 1.00 0.29 
tank with both pipes 22.85 19.4 0.99 0.70 0.27 
CM-ruta-35 
t = 0 266.96 175.4 63.17 15.65 1.63 
t = 5 265.03 176.1 51.16 13.14 1.62 
tank 279.19 186.1 57.27 13.91 2.16 
F4-ruta35 
measurement out of the site 76.97 18.9 23.21 4.31 0.61 
tank-2 77.63 17.3 31.37 4.01 0.83 
outflow- 1 61.67 21.4 21.48 3.46 0.56 
outflow- 2 61.47 22.8 22.02 3.17 0.59 
F-ruta154 
outflow- 1 52.43 44.8 2.09 1.48 0.67 
tank 50.65 40.8 2.00 1.05 0.58 
outflow- 2 48.93 44.0 0.77 1.41 1.33 
*SI = San Ignacio in Bernasconi, La Pampa, CM-ruta-35 = Campode Mauricio along ruta 35, La 
Pampa, F4-ruta 35 = farm 4 north west General San Martin along ruta 35, La Pampa, F-ruta 154 = 
farm along ruta 154, La Pampa, CPM-rut-154 = Canepele Pozo Molino, well with two metal pipes, 
La Pampa. NOTE: Decimal places of each measurement are based on limit of detection (section 
2.4.4) 
2.2 Sample Preparation: Scalp Hair, Fingernails and 
Toenails  
Human scalp hair and nail samples have been reported as excellent 
biomarkers of trace elements reflecting deposition over a long time period (He, 
Chapter 2 Analytical Methodology 
56 
2011; Slotnick and Nriagu, 2006). The study volunteers were from three provinces 
of Argentina, namely, La Pampa (General San Martin and Eduardo Castex), 
Buenos Aires capital federal (Moron) and south west Buenos Aires province (San 
German). The methods of collection and preparation procedures are outlined in 
sections 2.2.1 - 2.2.4. 
2.2.1 Collection procedure  
Scalp hair, fingernail and toenail samples were collected from study 
volunteers according to the stated procedures in the ethical approval 
documentation (EC/2012/80/FHMS). Scalp hair samples (0.05 – 0.1 g) were 
collected by trained research collaborators from several locations at the nape of 
the neck using a clean and dry stainless steel pair of scissors. Fingernail samples 
(0.05 – 0.10 g) were collected using clean and dry stainless steel scissors. All 
samples were stored in individual clean, clearly labelled, small polythene bags. 
Then all the small bags containing samples from each volunteer were placed in a 
larger polythene bag along with the drinking water samples. The bag was then 
sealed and stored in a dry location (locked cupboard) until transfer to the University 
of Surrey. 
2.2.2 Sample washing  
Each of the collected scalp hair, fingernail and toenail samples was 
homogenised. The homogenisation was done by cutting the sample into small 
pieces (5 – 10 mm) with a clean and dry stainless steel pair of scissors. Then, each 
sample was placed in a pre-weighed 15 ml centrifuge tube. After that a washing 
step was performed to remove any exogenous material that might affect the total 
element concentration in the sample. Slotnick and Nriagu (2006) reviewed many 
different washing methods and they found that the majority of the methods used 
alternating steps of washing the sample with acetone and distilled deionised water 
(DDW). In this research, the standard method proposed by the International Atomic 
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Energy Agency (IAEA, 1978) was utilised as the washing procedure. As such, the 
cut hair or nail samples in each tube were first washed with a sufficient amount of 
acetone to cover the sample (typically ~ 1.5 ml). Next, the sample was sonicated 
for 10 minutes at room temperature. 
 
Figure 2.3: Hair (H) and nail (N) sample preparation (washing, drying and 
digestion) procedures for elemental analysis.  
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After that, the acetone was decanted off and discarded. This was repeated with 
three successive washes with DDW, and finally with acetone. The samples were 
then dried overnight in an oven (60 ± 5 ºC). All washed samples were stored at 
room temperature and weighed (± 0.0001 g) before acid digestion. Figure 2.3 
summarises all the preparation procedures (cutting, washing, drying and digestion) 
required for hair and nail samples before the elemental analysis using ICP-MS. 
2.2.3 Acid digestion  
After the washing, drying and weighing steps, each sample was transferred 
to a 15 ml pre-weighed polypropylene centrifuge tube (Sarstedt, Leicester, UK) for 
acid digestion. In the fume cupboard, a 0.5 ml volume of concentrated nitric acid  
(Trace analysis grade, Fisher Scientific, UK) was added to each tube and the lid 
kept very loosely on the top. After that, the digestion was conducted in a water 
bath at 70 ºC for 30 minutes, or until the digestion was completed (clear yellow 
solution). The samples were then removed and allowed to cool at room 
temperature before dilution with DDW. The dilution factor was a 100 times based 
on the provided weight of sample (typically 0.04 g) made-up in a minimum volume 
of 4 ml for ICP-MS analysis. After dilution, the samples were filtered using a 0.45 
µm membrane filter (Millex®-GP, Millipore, Hertfordshire, UK) and then they were 
ready for analysis using ICP-MS. 
2.2.4  Dilution factor selection  
There was a great variation in the masses of the human samples (hair and 
nail) received from many participants. The ranges with the average of masses of 
the received samples of hair (H), fingernails (FN) and toenails (TN) were (H: 0.002 
– 0.360 g, 0.111 g), (FN: 0.0001 – 0.140 g, 0.034 g) and (TN: 0.001 – 0.247 g, 
0.042 g). For this reason, the consistency of using a low dilution factor of x 100 
dilution was not possible to produce the minimum volume of 4 ml required for the 
analysis using ICP-MS. Farnfield (2012) and Lord (2014) reported that As, Mn, Fe 
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and V showed minimal variations in elemental concentrations across the dilution 
factor of 100 to 1000 times for either hair or nail samples. However, selenium 
showed a higher variation with increasing dilution factor. 
Based on the above studies of the minimal variations of elemental 
concentrations with increasing dilution factor, a dilution factor range of 100 – 1000 
times was applied in this study. Caution about the accuracy of the calculated data 
should be included when evaluating the selenium data due to the high variation 
when increasing the dilution factor (Lord, 2014).  
2.3 Inductively Coupled Plasma Mass Spectrometry (ICP-
MS)  
Inductively coupled plasma mass spectrometry (ICP-MS) is in the fourth 
decade of development (Engelhard, 2011) after it was started in 1975 by Houk and 
co-workers, which led to the launch of the first ICP-MS in 1980 (Vandecasteele, 
1993; Houk et al., 1980). ICP-MS is a leading instrument for trace element analysis 
due to the multi-element analysis capability, the small amount of sample required, 
the wide dynamic range (104 – 108), a very low limit of detection (LOD) and good 
precision of the technique. ICP-MS suites a wide range of environmental analyses 
such as water, soil, and agricultural products (Baroni et al., 2015; Rousseau et al., 
2013; Beauchemin, 2010). It has the ability to measure almost all the elements 
from Li to U, with the exception of H,O,N,C and the nobel gases. This is because 
these elements exist at trace amounts in the plasma ion sources, air, water and 
the acids used in sample preservation or digestion (Thomas, 2013; Becker, 2007). 
2.3.1 Principle of ICP-MS  
ICP-MS is utilised to determine the elemental composition of a sample at 
trace and ultra-trace levels (Balcaen et al., 2015). The sample, usually in a liquid 
form, is converted into an aerosol through an introduction system which is 
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comprised of a spray chamber and a nebuliser. This aerosol is then introduced into 
the plasma that is used as an ionisation source. As the sample is traveling through 
the different heating zones of the plasma, it is transformed into different stages: 
drying, vaporisation, atomisation, and finally ionisation at the analytical zone 
(Beauchemin, 2010; Becker, 2007). The positively charged cations are then 
transported via the sample interface and analysed based on their mass to charge 
ratio (m/z). Although there are many different ICP-MS designs commercially 
available, they share similar principle components. For example, they have a 
similar introduction system including a nebuliser and spray chamber, plasma torch, 
interface cones, vacuum chamber, ion optics, mass analyser and detector. On the 
other hand, there is a significant difference between the instruments in the 
engineering designs and the implementation of the above components (Thomas, 
2013). 
2.3.1.1 Sample introduction system  
The main purpose of the sample introduction system is to convert the 
sample into a fine aerosol (Becker, 2007). This is achieved by the nebuliser and 
the spray chamber. The sample is pumped (1 ml/min) into the nebuliser by the 
constant motion of the peristaltic pump (Thomas, 2013). Once the liquid sample 
has arrived at the nebuliser, it is converted into very fine droplets by the cross-flow 
of a carrier of Ar gas (pneumatic action). Only the small droplets < 10 µm diameter 
can go to the plasma through the central walls of the spray chamber. The large 
size droplets (> 10 µm diameter) will fall down into the outer wall of the spray 
chamber due to gravity, and will go to the drain. Only about 2 % of the sample is 
transported into the plasma (Thomas, 2013).  
2.3.1.2 Inductively coupled plasma (ICP)  
The plasma is generated by three basic components: a plasma torch, a 
radio frequency coil (RF) and a power supply (Thomas, 2013). The plasma torch 
is made of three concentric tubes which are (i) the external or the coolant tube, (ii) 
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the intermediate or plasma tube and (iii) the inner tube that contains the capillary 
tube through which the aerosol is carried from the spay chamber to the plasma. 
The RF coil is a tube of copper which is located around the outer glass tube for 
water recirculation, and to provide the ICP power input of 0.5 -1.5 kW, and a 
frequency of 27- 40 MHz that causes the induction of an oscillating magnetic field. 
The plasma is started when the carrier gas flow is switched off and a spark from a 
tesla coil (at the end of the plasma) is added for a short period of time. This spark 
is the source of electrons that will cause the ionisation of the argon carrier gas. 
The plasma is sustained by the co-existence of argon gas, argon ions and 
electrons which interact with the fluctuating magnetic field. The carrier gas is then 
switched on to introduce the aerosol into the plasma of (7000 - 10000K). The 
desolvation, vaporisation, atomisation and ionisation of the sample then takes 
place (Beauchemin, 2010; Dean, 2003). 
2.3.1.3 ICP interface and ion focussing unit 
The interface is used to produce a vacuum environment for the mass 
spectrometer as the plasma is at atmospheric pressure (760 torr), while the mass 
spectrometer works at a very low pressure ( 10-6 torr) (Becker, 2007; 
Vandecasteele, 1993). The interface is composed of a sampling cone with an 
orifice of 0.8 -1.2 mm internal diameter (i.d.) and a skimmer cone with a 0.4 - 0.8 
mm i.d. orifice. The gaseous sample first passes through the sampling cone (1 torr 
pressure) where the gas cools. It is then extracted into the orifice of the skimmer 
cone where the pressure is similar to the inside the mass spectrometer. The cones 
are mostly made of Ni due to its high thermal conductivity, fairly good robustness, 
and resistance to corrosion. They can be made from copper, aluminium and 
platinum as well, but Ni is the best compromise for both durability and price 
(Thomas, 2013; Date, 1989). Between the two cones, the pressure is reduced to 
about 2.5 mbar by a vacuum pump. This is to lower the pressure of the ions and 
to draw the plasma gas to the skimmer cone (Harris, 2010; Vandecasteele, 1993). 
Negative voltage electrostatic lenses are located behind the skimmer cone to 
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extract the positive ions from the gas beam that contain a mixture of negative ions, 
positive ions and neutral atoms (Harris, 2010; Vandecasteele, 1993). This will 
minimise the background by allowing only a beam of positive ions and focusing 
them into the quadrupole mass analyser. Positioning the quadrupole and detector 
off-axis relative to the ion beam, eliminates photons from the background signal. 
2.3.1.4 Collision/ reaction cell 
Different approaches have been established to remove polyatomic spectral 
interferences such as correction equations, cool plasma technology and matrix 
separation (Thomas, 2013). However, the above methods cannot completely 
eliminate the production of polyatomic interferences. Using a collision/reaction cell 
(CRC or CRS) as a solution for this interference is a novel approach. A CRC or 
CRS is located between the ion lens interface and the quadrupole mass filter. The 
main principle of the CRC is based on a collision/ reaction of a gas (helium, 
ammonia or oxygen) bled into a multipole (quadrupole, hexapole or octapole, 
operated in a radio frequency), with the ion beam entering from the interface 
(Thomas, 2013). By the different collisions or reactions, the polyatomic 
interferences will be converted into neutral or harmless non-interfering species 
(Thomas, 2013; Becker, 2007). There are different reaction and collision 
mechanisms that can take place including charge transfer, proton transfer, 
hydrogen atom transfer, collisional fragmentation, collisional retardation and 
collisional focusing (Thomas, 2013).  
2.3.1.5 Quadrupole mass spectrometer  
The quadrupole mass analyser is located between the ion lenses and the 
detector (or between the DRC and the detector if the DRC is available). The 
quadrupole is made of four parallel cylindrical rods of the same length (15 - 25 cm) 
and diameter (1 cm). The opposite pair of the four rods are connected electrically 
to a direct current (DC) source and an alternating current (AC) with a radio 
frequency (2 - 3 MHz) (Thomas, 2013). When the ions enter the path between the 
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rods, the DC and AC electrical potentials are set at specific values so only specific 
ions that have specific mass to charge (m/z) ratios can continue between the rods 
to the transducer which then converts the ions into an electrical pulse. Ions with 
different m/z ratios will strike the rods and be converted to neutral atoms (Becker, 
2007). The mass spectrum of different ions can be obtained by scanning at 
different combinations of DC and AC potentials (Manoharan et al., 2007; 
Vandecasteele, 1993). The process is then repeated for another analyte with 
different m/z ratios until all the multi-element analytes have been quantified. 
2.3.1.6 Detector  
The detector converts the ions into electrical signals. There are three widely 
recognised detectors used for ICP-MS which are the channel electron multiplier 
that has a wide range of applications for low ion count rates, the Faraday detector 
which is used for high count rates, and the discrete dynode electron multiplier for 
ultra-trace analysis (Becker, 2007; Vandecasteele, 1993). In the electron multiplier 
or Channeltron, the ions from the MS hit the surface of an open, glass, cone shape 
which is coated with a semiconductor material (e.g. Pb) and it has a high negative 
potential at the first end. When the atoms hit the surface, one or more secondary 
electrons are produced that move downwards and hit another new surface area 
and emit more electrons which will generate a discrete pulse which is detected and 
counted by the preamplifier. The pulse will then go to a digital discriminator that 
only counts above a certain threshold value to avoid any pulses from stray photons 
in the plasma, or which are produced when the ions strike the quadrupole (Skoog 
et al., 2013; Thomas, 2013). The Faraday detector operates when the ions are 
directed to a cup-shaped metal tube which is connected to a high gain amplifier. 
The limitations of this detector are: (i) it can be used only for high ion currents and, 
(ii) it has a low working range (104 cps). For this reason, it cannot be used as the 
only detector in the ICP-MS, but is coupled with an electron multiplier or discrete 
dynode multiplier (Thomas, 2013; Becker, 2007). The discrete electron multiplier 
works on the same principle as the Channeltron, but it also has discrete dynodes 
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which are in an off-axis position to reduce the background noise, and are 
connected to an increasing trend of positive potential to accelerate the electrons 
(Skoog et al., 2013; Thomas, 2013). As a result, when an ion emerges from the 
quadrupole it takes a curved pathway to hit the first dynode, and then a secondary 
electron is emitted, accelerated and multiplied by about 20 dynodes to provide 107 
current gains that are measured by a multiplier collector or an anode (Skoog et al., 
2013; Thomas, 2013). The sensitivity of this detector is 50-100% higher than the 
Channeltron due to its Cu/Be surface and the difference in the generation of the 
electrons (Skoog et al., 2013; Thomas, 2013). 
2.3.2 Instrumentation and operating procedures 
The determination of trace element levels of samples by ICP-MS were 
conducted using an Agilent 7700x ICP-MS instrument (Agilent Technology, UK) at 
the ICP-MS Facility, Department of Chemistry, University of Surrey. This 
instrument is equipped (Figure 2.4) with a sample introduction system, interface 
and detector. The sample introduction system is made of a concentric, glass, low 
flow nebuliser, a Scott-type double-pass quartz spray chamber, a three channel 
high-precision 10-roller peristaltic pump, a 27 MHz radio frequency (RF) generator, 
and a one-piece quartz torch (Agilent Technologies, 2009). The interface system 
is composed of a Ni-tipped sampling cone, a 0.4 mm Ni skimmer cone, ion lenses, 
an octopole reaction system ORS (or collision cell) and a mass analyser with a 
high-frequency (~3 MHz) quadrupole. The detector is a dual-mode discrete dynode 
electron multiplier detector (Agilent Technologies, 2009). The instrument is 
equipped with an ASX – 500 series auto-sampler. In addition, the Agilent ICP-MS 
7700x instrument is featured with a third generation Octopole Reaction System 
(ORS3). 
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Figure 2.4: Agilent 7700x Series ICP-MS (Agilent Technologies, UK) at the 
University of Surrey (Guildford, Surrey, UK), (Agilent Technologies, 
2009). 
Table 2.5: Typical operating parameters of Agilent 7700x ICP-MS for multi-
element analysis. 
Part Parameter Typical operating conditions 
Sample 
introduction 
Carrier gas flow (l/min) 0.8  
Dilution gas flow (l/min) 0.3  
Nebuliser pump (rps) 0.3  
Spray Chamber Temperature (ºC) 2  
Plasma condition RF Power (Watt) 1550  
RF Matching (Volt) 1.95  
Sampling Depth (mm) 8  
Collision/reaction 
cell 
[1] ON He mode 
He gas flow (ml/minutes) 4.8  
Analyte elements 27Al, 51V, 55Mn, 56Fe, 63Cu, 66Zn, 75As, 78Se 
Detector 
parameters 
Type of detector Electron multiplier 
Pulse HV (Volt) 980  
Analog HV (Volt) 1680  
Data acquisition Acquisition time (seconds) 150  
Sample wash time (seconds) 120  
Optimisation of Agilent ICP-MS 7700x for elements of interest was 
performed daily and tuned using a 1 g/l solution 7Li, 89Y, 140Ce and 205Tl and Co 
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in 2 % (v/v) HNO3 acid (Agilent Technologies, UK). The typical operating 
parameters for multi-element analysis are detailed in Table 2.5. 
2.3.2.1 Interferences  
The main limitations of ICP-MS are the interfaces. There are two types of 
interference which include spectral and physical interferences (Skoog et al., 2013). 
Spectral interferences can occur due to the overlap of signals from the analyte of 
interest and other ions or molecules with the same m/z ratio. Spectral interferences 
can be related to isobaric interferences or to polyatomic or oxide/hydroxide species 
(Skoog et al., 2013). Isobaric interferences take place when other elemental 
isotopes have the same mass as the most abundant isotope of the element of 
interest. This can be solved by either choosing the second most abundant isotope 
of the analyte, or by the use of mathematical corrections that are automatically 
applied in most of the modern ICP-MS.  
Different factors can lead to polyatomic interferences or oxide/hydroxide 
such as the gas used for the sample introduction and the plasma, the matrix 
components of the sample or the solvent, other elements present in the same 
sample and oxygen or nitrogen from the air. The polyatomic interferences are 
mostly found in the range of 40 – 82 amu (atomic mass unit), while the 
oxide/hydroxide species are found at a lower range. Table 2.6 shows the possible 
interfering polyatomic or oxide/hydroxide interferences with the analytes of interest 
in this study. The use of the collision reaction cell (section 2.3.2.2) can eliminate 
this type of interference (Thomas, 2013). 
Physical interferences can take place due to an increase in the levels of 
total dissolved solids in the sample. They can either enhance or supress the 
analyte’s signal. For example, carbon atoms can lead to the enhancement of the 
signal of some elements such as arsenic, selenium, vanadium and zinc (D’Ilio et 
al., 2011; Hu et al., 2004). On the other hand, the presence of some alkali metals, 
sodium, can reduce the analyte signal by suppressing ionisation (Amr, 2012). In 
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addition, a high dissolved solid concentration can cause a gradual build-up of salts 
on the sampling cones, and consequently a drift in the sample signal. This problem 
can be solved by diluting the ion of the sample, or through the addition of an 
internal standard (section 2.3.3). 
Table 2.6: A list of elements (isotopes) of interest, their natural abundance (%) 
and the potential interferences that may overlap with their signal 
(Thomas, 2013; D’Ilio et al., 2011; May and Wiedmeyer, 1998). 
 
Analyte Isotope 
 
Abundance 
 
Potential Polyatomic Interference(s) 
 
51V+ 99.76 35Cl16O+, 36Ar14N1H+, 37Cl14N+, 36S15N+, 34S16O1H+ 
55Mn+ 100 40Ar14N1H+, 38Ar16O1H+, 40Ar15N+, 37Cl18O+, 23Na32S 
56Fe+ 91.66 40Ar16O+, 40Ca16O+, 40Ar15N1H+, 38Ar18O+ 
63Cu+ 69.1 31P16O2+, 40Ar23Na+, 23Na40Ca+, 46Ca16O1H+ 
66Zn+ 27.81 34S16O2+, 32S34S+, 33S2+ 
75As+ 100 
40Ar35Cl+,37Cl21H+, 36Ar38Ar1H+, 38Ar37Cl+, 40Ar 34SH+, 
59Co16O 
78Se+ 23.52 40Ar38Ar+, 38Ar40Ca+, 34S16O3+ 
 
2.3.2.2 Dynamic collision cell (DRC)  
The Agilent 7700x ICP-MS has a third generation Octopole Reaction 
System (ORS3) (Agilent Technologies, 2009). The ORS3 can remove a polyatomic 
interference by the use of a helium gas (He) collision, based on a kinetic energy 
discrimination (KED) mechanism. KED works on the difference in kinetic energy of 
the analyte and the polyatomic interferences. As the analyte and the polyatomic 
interferences pass through the collision cell, collision reactions take place with the 
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inert gas (He). More often collision takes place with the polyatomic ions and the 
by-product-ions, consequently, lowering their kinetic energy. The potential of the 
collision cell is set less than the mass analyser forming an energy barrier (Amr, 
2012). For this reason, interference species with a low kinetic energy will be 
rejected from entering the mass analyser. This means that, analyte ions can pass 
to the mass analyser as they have a higher kinetic energy than the energy barrier 
(Thomas, 2013; Koppenaal et al., 2004). 
The effect of some interfering species, such as 35Cl16O, and 35Cl14N with 
vanadium, and the possible correction using CRS will be discussed in section 
3.1.2.5. The efficiency of the CRC to eliminate the As polyatomic (40Ar35Cl+) 
interference was investigated by Lord (2014) and Farnfield (2012). 
2.3.3 Internal standard  
An internal standard (IS) was used with all analysed water and human 
samples to overcome any possible physical interferences that can relate to the 
dissolved solid content of these samples. A 100 g/l multi-element internal 
standard of scandium (45Sc) and germanium (72Ge) was used for the correction of 
any drift in the signal intensity. The preparation of the IS was achieved by the 
dilution of the individual stock solutions of 45Sc and 72Ge (1000 mg/l, BDH, Aristar®, 
UK) into 1 % HNO3 (Fisher Scientific, Trace analysis grade). The IS was introduced 
to the ICP-MS through a T-piece to the sample solution before nebulisation. A 
programed-speed peristaltic pump was used to control the introduction of both the 
IS and the samples via the T-piece junction. The internal standards used for each 
element of this study are shown in Table 2.7. The internal standard correction 
(Ratio) is calculated using Eq. 2.1.  
Ratio =  
Analyte CPS signal − blank CPS signal 
IS CPS signal
 
Eq. 2.1 
Chapter 2 Analytical Methodology 
69 
2.3.4 Linear dynamic range  
The data in the Agilent 7700x ICP-MS was collected simultaneously at pulse 
(low count) and analog (high count) modes, allowing a wide dynamic range of 8 to 
9 orders of magnitude (Agilent Technologies, 2009). For the purpose of this study, 
the multi-element standards were prepared over a range of 1 to 750 g/l. This 
range was chosen to avoid overloading the instrument with high elemental 
concentrations, which can lead to instrumental contamination (memory effects 
resulting from high elemental ion deposition on the components of the nebuliser, 
ICP or interface) and signal drift during the operation of a sample run (blank, 
standards, quality control solutions and samples).  
2.3.5 Limits of detection (LOD) 
The limit of detection (LOD) is defined as the concentration value that gives 
an instrumental signal significantly different from the signal of the blank (Miller and 
Miller, 2010). The LOD for the determination of trace elements (or total elemental 
concentration) in this study was calculated from the replicate analysis (n = 20) of 
the different blanks distilled deionised water (DDW, 18.2 MΩ. cm), 1% (v/v) HNO3 
(Trace analysis grade, Fisher Scientific, UK) and 5% (v/v) HNO3 (Trace analysis 
grade, Fisher Scientific, UK) using Eq. 2.2 (Miller and Miller, 2010). The LOD 
values are displayed in Table 2.7.  
𝐋𝐎𝐃 =  𝐲𝑩  +  𝟑𝐬𝑩,   
 where yB = blank signal and sB = blank standrd deviation. 
Eq. 2.2 
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Table 2.7: Isotopes, internal standards (IS), limits of detection based on using 
DDW (distilled deionised water, 18.2 MΩ), 1% (v/v) HNO3, 5% (v/v) 
HNO3 for the elements of interest analysed using the Agilent 7700x 
ICP-MS instrument. 
Element Isotope 
Internal 
Standard (IS) 
Limit of detection (g/l) 
  
DDW 
 
1% HNO3 5% HNO3 
Aluminium 27Al+ 45Sc 0.3 0.7 3.5 
Arsenic 75As+ 72Ge 0.02 0.04 0.04 
Copper 63Cu+ 45Sc 0.05 0.09 0.2 
Iron 56Fe+ 45Sc 0.5 1.0 2.0 
Manganese 55Mn+ 45Sc 0.02 0.04 0.04 
Selenium 78Se+ 72Ge 0.05 0.07 1.0 
Vanadium 51V+ 45Sc 0.02 0.05 0.05 
Zinc 66Zn+ 72Ge 0.1 0.2 1.0 
 
2.3.6 Calibration 
A multi-element standard of 10 mg/l was prepared from a 1000 mg/l stock 
solution of each element (High Purity Standards, British Greyhound, UK) in 1% 
HNO3 (Trace analysis grade, Fisher Scientific, UK). The 10 mg/l multi-element 
standard solution was then diluted using 1 % HNO3 to prepare the set of calibration 
standards over the range of 1 - 750 g/l. The blank and analyte counts per second 
for the sample or standard solution where corrected using the internal standard 
signal as shown in Eq. 2.1. This signal ratio was then used to produce a calibration 
graph as can be seen in Figure 2.5.  
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Figure 2.5: Arsenic (As) calibration curve using signal ratio (blank corrected count 
ratio with the germanium internal standard (72Ge) count) against the 
As standard concentrations obtained from the Agilent 7700x ICP-MS 
instrument. 
2.3.7 Accuracy and precision  
The repeatability is known as the replicate analysis of similar quantities of 
the same sample within one lab using the same instrument by one person within 
a short time period (Miller and Miller, 2010). The reproducibility is known as the 
“between-run” in which one of the above conditions is changed, such as running 
the measurements of the same sample in a different laboratory by different people 
(Miller and Miller, 2010). The accuracy and the precision levels (refer to Appendix 
C) of the Agilent 7700x ICP-MS instrument were measured using two water 
certified reference materials, including NIST SRM 1640a (National Institute of 
Standards and Technology, USA) and SRM TMDA-54.4 (National Water Research 
Institute, Canada). Both water certified reference materials (CRMs) were analysed 
repeatedly at the beginning of each run: NIST SRM 1640a (n = 20, Table 2.8) and 
SRM TMDA-54.4 (n = 20, Table 2.9). The accuracy of the elemental 
measurements was determined by using a Student’s t-test (Appendix C.2, Eq. 8.4) 
between the measured concentration of each element and the certified value of 
both CRMs.  
Chapter 2 Analytical Methodology 
72 
Table 2.8: Comparison (mean, standard deviation (SD) and relative standard 
deviation (RSD %)) of measured and certified elemental 
concentrations (g/l) for NIST SRM 1640a as an evaluation of 
accuracy and precision. Statistical analysis using a Student’s t-test. 
Element 
Mean ± SD 
Certified (g/l) 
tcalc 
n = 5 
RSD % 
(n = 20)a (g/l) 
 
(n = 5)b (g/l) 
 
 
n = 20a 
 
n = 5b 
 
Aluminium 52.1 ± 2.6 55.3 ± 0.3 53.0 ± 1.8 1.5 5 0.6 
Arsenic 7.70 ± 0.22 7.98 ± 0.22 8.075 ± 0.070   1.8 2.8 1.4 
Copper 84.32 ± 2.99 84.08 ± 0.99 85.75 ± 0.51 2.1 3.5 1.1 
Iron 39.0 ± 2.1 40.9 ± 0.3 36.8 ± 1.8 4.8 5.4 0.6 
Manganese 39.10 ± 1.07 39.07 ± 0.20 40.39 ± 0.36 5.4 2.4 0.5 
Selenium 19.91 ± 0.70  20.31 ± 0.30 20.13 ± 0.17 1.4 3.5 1.4 
Vanadium 14.76 ± 0.11 14.74 ± 0.10 15.05 ± 0.25 0.9 3.4 0.7 
Zinc 67.2 ± 14.1  57.4 ± 0.5 57.4 ± 0.5 1.7 18.9 0.9 
Note: for Student’s t-test: tcrit = 2.86 at P = 0.01, a reproducibility, b repeatability. 
Both CRMs show acceptable agreement between the elemental values 
(mean ± standard deviation) and the certified values. Table 2.8 confirms that for 
NIST SRM 1640a a very high level of repeatability (based on 5 replicates of the 
CRM under the same instrumental conditions during the analysis period) exists 
using a Student’s t-test, as the calculated t (tcalc) for most elements is less than the 
critical value (tcrit = 2.86), at a probability level, P = 0.01. The same table shows an 
excellent level of precision, as the calculated percentage relative standard 
deviation (% RSD) values for repeat measurements (n = 5) was in the range of 0.6 
to 1.4%. Furthermore, acceptable levels of reproducibility (based on replicate 
analysis on different days, n = 20) was observed over the three years of this 
research, with the major exception of iron and zinc. As would be expected, the 
levels of accuracy for the repeatability study (indicated by superscript b in Table 
2.8) are better than those for reproducibility evaluation (designated as superscript 
a). 
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Table 2.9: Comparison (mean, standard deviation (SD) and relative standard 
deviation (RSD %)) of measured and certified elemental 
concentrations (g/l) for SRM TMDA-54.4 as an evaluation of 
accuracy and precision. Statistical evaluation using a Student’s t-
test.  
Element 
Mean ± SD 
Certified 
(g/l) 
tcalc 
RSD % 
(n = 20)a (g/l) (n = 5)b (g/l) 
 
n = 20a 
 
n = 5b  
 
Aluminium 385.7 ± 31.6 403.7 ± 1.8 400 ± 35 2 8.2 0.5 
Arsenic 46.88 ± 2.03 44.30 ± 0.50 45.1 ± 4.1 3.9 4.3 1.2 
Copper 393.30 ± 73.89 396.11 ± 1.90 414 ± 38 1.3 18.9 0.5 
Iron 389.2 ± 13.8 379.9 ± 1.20 383 ± 34 2 3.5 0.3 
Manganese 289.40 ± 7.53 288.81 ± 0.93 284 ± 23 3.2 2.6 0.3 
Selenium 37.53 ± 1.98 35.87 ± 0.32 35.6 ±3.9 4.4 5.3 0.8 
Vanadium 358.50 ± 10.41 356.79 ± 2.28 349 ± 24 0.7 2.9 0.7 
Zinc 575.2 ± 24.4  578.6 ± 5.9 545 ± 49 3.4 4.2 1.0 
Note: for Student’s t-test: tcrit = 2.86 at P = 0.01, a reproducibility, b repeatability. 
Table 2.9 reports the calculated mean and standard deviation values for the 
SRM TMDA-54.4 compared with the certified values. In terms of evaluating the 
levels of accuracy based on repeatability measurements (refer to data shown in 
the column by a superscript b; n = 5) there is very good agreement observed 
between the calculated and certified values for all elements. Moreover, using a 
Student’s t-test, the calculated values are mostly lower that the tcrit value of 2.85, 
at a probability level of P = 0.01. As was shown with the analysis of the other water 
CRM, the accuracy levels are not as good based on the reproducibility data (shown 
in Table 2.9 as a column under superscript a; n = 20). Many of the elements have 
calculated t-values above the critical t value, especially for Al, Cu, Se and Zn. The 
differences in these elements could be due to the differences in the performance 
of the ICP-MS over three years. The precision levels for SRM TMDA-54.4 was 
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excellent for both the repeatability (n = 5) and reproducibility (n = 20) studies. The 
calculated RSD (%) values range from 0.3 to 1.2% and 2.6 to 8.2%, respectively.  
2.3.8 Spike recoveries 
The human sample digestion method and measurements using ICP-MS 
were validated by Lord (2014). Pooled hair and nail samples were homogenised 
and digested following the method in section 2.2.3. The percentage recovery for 
the majority of the elements of interest in spiked hair and nail samples (n = 8) had 
recoveries within the acceptable percentage (80 – 120 %) levels (Lord, 2014). 
2.4 Trace Element Speciation of Water  
Trace element speciation is the analytical measurement of the 
concentrations of different species or forms of an element that sum up to the total 
concentration present in the sample (Karst, 2004; Templeton et al., 2000). In this 
study, arsenic speciation was conducted based on the SPE method developed by 
Watts et al. (2010). Moreover, vanadium speciation of water via a novel solid phase 
extraction (SPE) method was used (Chapter 3). The principles of the SPE 
technique and vanadium speciation using SPE are outlined in Chapter 3. The 
following section will discuss the methodology used for arsenic speciation in water 
samples.  
2.4.1 Principles of the SPE technique 
Solid phase extraction (SPE) is a sample preparation technique that is used 
for the pre-concentration and purification of a sample from a solution based on the 
sorption of the solute onto a solid phase, and the subsequent elution with a proper 
solvent (Poole, 2003b; Fritz, 1999; Thurman and Mills, 1998). There are three 
different mechanisms for analyte retention in the SPE sorbent: reverse phase, 
normal phase and ion exchange (Agilent Technologies, 2011; Żwir-Ferenc and 
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Biziuk, 2006; Thurman and Mills, 1998). Reverse phase includes the partitioning 
of an organic solute in a polar or moderately polar solution into a non-polar phase 
by van der Waals or dispersion forces, before the solute can then be eluted by 
disrupting these forces with a non-polar solvent. Normal phase is when an analyte 
(mid-non polar) is adsorbed onto a polar surface via hydrogen bonding, π-π 
interactions, dipole-dipole interactions, and dipole-induced dipole interactions 
(Agilent Technologies, 2011). The desorption of the analyte can be done by a more 
polar eluent like in ion exchange, where a charged solute is adsorbed on to an 
oppositely charged ion-exchange sorbent by electrostatic attraction (Żwir-Ferenc 
and Biziuk, 2006). A solution with high ionic strength, or one that contains ionic 
species, can then be used to elute the analyte (Thurman and Mills, 1998). 
Ion exchange resins are either (strong or weak) cation or anion exchangers 
(Agilent Technologies, 2011; Żwir-Ferenc and Biziuk, 2006; Thurman and Mills, 
1998). Strong exchange cation (a sulfonic acid functional group with a proton) or 
anion (quaternary amine with chloride atom) resins have a permanent negative or 
positive charge respectively, regardless of the pH of the solution. The weak cation 
(carboxylic acid sites) or anion (primary, secondary or tertiary amine sites) resins 
require pH adjustment to remove the charge on the exchanger (Agilent 
Technologies, 2011; Poole, 2003b). 
SPE is a superior method for trace element pre-concentration because it 
produces a minimum amount of solvent waste; selective, has a large pre-
concentration factor and enables a stable storage of the target species on the solid 
surface (Vieira et al., 2009; Veschetti et al., 2007; Pyrzyńska and Wierzbicki, 
2004b; Fritz, 1999). However, the desorption process is slow and time consuming 
(Veschetti et al., 2007; Fan et al., 2005; Pyrzyńska and Wierzbicki, 2004a). The 
main steps of SPE are (Starvin, 2005; Camel, 2003; Fritz, 1999):  
i. conditioning: an appropriate solvent is used to moisten the sorbent 
and activate the functional groups of the packed material. In addition, 
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this step removes any impurities or air, and fills the void volume. This 
is followed by a solvent matching the sample matrix. For the best 
efficiency in the retention of the adsorbed analyte and the best 
recoveries, the sorbent has to be wet until the sample loading step, 
ii. adsorption: the liquid sample is loaded through the packed column 
with the aid of gravity, pumped by vacuum, or an automated system, 
iii. washing: (optional step) removes co-adsorbed matrix material with a 
low elution strength solvent without displacing the analyte, and 
iv. elution: desorption of the analyte(s) of interest from the packing 
material using appropriate solvents of a different order and ionic 
strength. 
Solid phase extraction has been widely used in the speciation of different 
trace elements in environmental water samples such as chromium (Chen et al., 
2008; Zou et al., 2008; Bağ et al., 2000), arsenic (Farnfield et al., 2012; O’Reilly et 
al., 2010; Watts et al., 2010; Zhang et al., 2007; Latva et al., 2000; Smichowski et 
al., 2000; Sperling et al., 1991), selenium (Pacheco et al., 2007; Saygi et al., 2007; 
Tuzen et al., 2007), antimony (Yu et al., 2002), tellurium (Yu et al., 2004), vanadium 
(Wang and Sañudo-Wilhelmy, 2008; Fan et al., 2005; Filik et al., 2004; Pyrzyńska 
and Wierzbicki, 2004b; Banerjee et al., 2003), thallium (Lin and Nriagu, 1999), 
mercury (Bagheri and Gholami, 2001; Ma et al., 2000; Mahmoud, 1999), iron 
(Journet et al., 2007; Xiong et al., 2006) and uranium (Zhao et al., 2010; Ortiz-
Bernad et al., 2004a; Markich, 2002). 
2.4.2 Arsenic speciation analysis  
Several studies have reported the speciation of arsenic in water using 
different analytical techniques such as chromatographic methods (ion 
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chromatography (IC) or high performance liquid chromatography (HPLC)) (Sadee 
et al., 2015; Ammann, 2011; Ronkart et al., 2007; Gault et al., 2003), 
spectrophotometric methods such as hydride generation (HG) (Matoušek et al., 
2013; Maity et al., 2004) and electroanalytical methods (cathodic stripping 
voltammetry (CSV)) (Zaib et al., 2015; Henze et al., 1997) techniques (Rajaković 
et al., 2013; Gupta et al., 2012). HPLC was reported as the most widely used 
analytical separation technique for arsenic species. The detection after separation 
can be done by coupling the HPLC with different detectors, including on-line 
detectors such as ultraviolet (UV), atomic absorption spectrometry (AAS), hydride 
generation atomic absorption spectrometry (HG-AAS), inductively coupled plasma 
atomic emission spectrometry (ICP-AES), and inductively coupled plasma mass 
spectrometry (ICP-MS) (Sadee et al., 2015; Clough et al., 2014; Lord, 2014). The 
most common technique for arsenic speciation in water samples is the HPLC-ICP-
MS (Sun et al., 2015; Jabłońska-Czapla et al., 2014; Komorowicz and 
Barałkiewicz, 2011). However, these techniques are in-laboratory techniques that 
count on the stability of the species after the time of collection (Ruzik et al., 2016). 
The ratio of the inorganic arsenic species can be affected by transportation or the 
non-preservation of the collected samples (Ruzik et al., 2016). Different factors 
can influence the oxidation or reduction of the inorganic arsenic species 
(determined by the redox potential, Eh), including oxygen content, precipitation by 
suspended particulates, microbial activity, light and temperature (Kumar and 
Riyazuddin, 2010). However, the guidelines for storing samples in terms of the 
stability of the arsenic species have been reviewed by (Kumar and Riyazuddin, 
2010) and can be summarised in the following points:  
(i) filtration using 0.45 m membrane filter and storage at 4 °C (Segura 
et al., 2002), reducing the change of species by the removal of 
hydrated ferric oxides and microorganisms (Kumar and Riyazuddin, 
2010; Kim et al., 2007);  
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(ii) acidification (HCl, H3PO4) which supresses the precipitation of Fe 
and Mn due to the increase and/or reduction of microbial activity 
(Kumar and Riyazuddin, 2010; Kim et al., 2007; Daus et al., 2006); 
and   
(iii) the addition of EDTA which can form metal complexes and reduce 
microbial activity (Mahmood, 2012). HCl has been used more 
commonly to preserve natural waters analysed by hydride 
generation atomic spectrometry, whilst EDTA has been used for 
IC/HPLC-ICP-MS applications (Kumar and Riyazuddin, 2010). 
The SPE technique is a field-sampling method for the determination of 
arsenic species concentrations (Gupta et al., 2012; Bednar et al., 2004a). This 
method can eliminate the possible inter-conversion of arsenic species after 
collection and during sample storage. Several SPE cartridges have been used for 
the separation of the inorganic (iAsIII and iAsV) and organic (MAV and DMAV) 
arsenic species based on their selective retention and elution from the cartridge 
(Linnik, 2015; Plant et al., 2014; Yu et al., 2003; Yalçin and Le, 1998). For example, 
a strong anion exchange method was applied for the arsenic speciation (iAsIII and 
iAsV) of acid-mine drainage water (Oliveira et al., 2006; Bednar et al., 2004a). 
Similarly, reverse phase with an anion exchange cartridge has been used for the 
separation of iAsIII and iAsV (Bednar et al., 2004b; Yalçin and Le, 1998). Issa et al. 
(2010) used a hybrid resin for adsorption and ion exchange. However, the 
presence of the MAV and DMAV can cause an overestimation of the inorganic 
species (iAsIII and iAsV) (Bednar et al., 2004a). This is because the organic species 
have been reported to overload the solid anion exchange (SAX) cartridge, and be 
eluted with either the iAsV fraction (Bednar et al., 2004a) or iAsIII fraction  (Linnik, 
2015; Miller et al., 2000). An extensive investigation of the ability of the 
combination of strong anion exchange (SAX) (International Sorbent Technology, 
Mid Glamorgan, UK) and strong cation exchange (SCX) (International Sorbent 
Technology, Mid Glamorgan, UK) with different packing materials (using 1M HNO3 
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or 1M acetic acid) to separate both organic and inorganic arsenic species was 
reported by Yu et al. (2003). In recent times, various multi-stage SPE methods 
using a combination of SAX and SCX cartridges with pH adjustment have been 
developed to separate all the four (iAsIII, iAsV, MAV and DMAV) species (Chen et 
al., 2014; Rahman et al., 2011). 
In this study, the SPE method was employed for arsenic speciation. This 
method was first developed by Watts et al. (2010). In this method both (i) SCX and 
(ii) SAX cartridges were used to separate all the four arsenic species of arsenite, 
arsenate, monomethylarsonic acid and dimethylarsinic acid (iAsIII, iAsV, MAV and 
DMAV, respectively). The mechanism for their retention and separation is based 
on electrostatic attraction and pH change (Lord, 2014; Watts et al., 2010; Żwir-
Ferenc and Biziuk, 2006). The mechanism of arsenic speciation in this method is 
explained by the points below:  
(i) Strong cation exchange (SCX) cartridges packed with silica and a strong 
acidic functional group, such as a benzenesulfonic acid bonded to the 
surface are used (Figure 2.6) (Colombo and Peretto, 2009; Karst, 
2004). The strongly acidic sulfonic group (pKa < 1) can exchange and 
attract cations over the whole pH scale (Agilent Technologies, 2011). 
For the analyte of interest to be positively charged, the pH of the solution 
has to be 2 pH units below its pKa (Colombo and Peretto, 2009). Due to 
the presence of the benzene ring in the SCX sorbent, it also has the 
potential for non-polar interactions. When arsenic species are loaded, 
the methyl groups on DMAV interact with the benzene ring in the SCX 
functional group (Watts et al., 2010; Sharma and Sohn, 2009). The 
species are therefore retained in the SCX cartridge. 
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Figure 2.6: Principle mechanism of anion retention and the elution of a strong 
cation exchange cartridge (SCX) (modified from (O’Reilly et al., 
2010)). 
(ii) Strong anion exchange cartridges contain a silica surface bonded to a 
strong base of an aliphatic quaternary amine group with pKa > 14 
(Figure 2.7) (Colombo and Peretto, 2009; Karst, 2004; Thurman and 
Mills, 1998) . For this reason, the cartridge is charged over all pH values 
in aqueous solution and can exchange with weak or strong anionic 
compounds. For the analyte of interest to be negatively charged, the pH 
of the solution has to be 2 pH units above its pKa (Colombo and Peretto, 
2009). The two arsenic species iAsV and MAV are negatively charged at 
neutral pH. Thus they will be selectively retained in the SAX cartridge 
(Le et al., 2000). They can be eluted selectively as MAV has a higher 
pKa for hydrogen dissociation than iAsV. For this reason, passing a weak 
acid, such as acetic acid, through the cartridge will elute MAV first. The 
iAsV species can then be eluted next by using a stronger acid, such as 
nitric acid (O’Reilly et al., 2010; Watts et al., 2010). 
Chapter 2 Analytical Methodology 
81 
 
Figure 2.7: Principle mechanism of anion(s) retention and the elution of a strong 
anion exchange cartridge (SAX) (modified (O’Reilly et al., 2010)). 
(iii) The fourth species is iAsIII. According to the pH-Eh diagram for arsenic 
speciation (Figure 4.11) this species is neutral at pH 7 (the normal pH 
for natural water). For this reason, it will not interact with either of the 
SAX or SCX cartridges. 
Different studies have been reported to employ this SPE method to 
evaluate the levels of arsenic species in water samples (Lord, 2014; 
Christodoulidou et al., 2012; Farnfield et al., 2012; O’Reilly et al., 2010; Watts 
et al., 2010). However, this method has some limitations that need to be 
considered. The limitations of this method have been investigated by Farnfield 
et al. (2012). For example, with a pH < 2, this method does have restrictions. 
According to pH- Eh diagram of arsenic species the iAsV is neutral at this pH. 
This leads to the non-retention of this species and elution with iAsIII, and 
therefore overestimation of iAsIII in water samples. 
2.4.3 SPE methodology  
The in-field SPE method for arsenic speciation carried out in this study used 
Agilent 500 mg Bond Elut Jr strong cation exchange and strong anion exchange 
cartridges (Agilent Technologies, Cheshire, UK). Each stage of this SPE method 
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is presented in Figure 2.8. The conditioning process is carried out prior to loading 
the water sample to (i) remove any contamination present in the cartridge due to 
manufacturing methods, packing or handling, and (ii) to moisten the cartridge in 
order to enhance the interactions of the species with the SPE packing material. 
Both SCX and SAX cartridge conditioning was undertaken prior to sample 
collection. The conditioning of SCX was achieved using 15 ml of 50 % v/v Aristar® 
methanol (CH3OH, BDH, Poole, UK), followed by 15 ml of 1 M Aristar® phosphoric 
acid (H3PO4, BDH, Poole, UK) and 10 ml of distilled deionised water (DDW) (18.2 
MΩ. cm). The SAX cartridges were preconditioned using 15 ml of 50 % v/v CH3OH 
and 10 ml of DDW. After each step, the solvents were eluted completely before 
the loading of the next solvent. The exception to this being in the last step, when 
1- 2 ml of DDW was left to keep the cartridge packing material moist during 
storage. 
During field sampling, and prior to sample loading, this DDW was ejected 
using a 20 ml air-filled plastic syringe (BD Plastipak™, Oxford, UK). After 
conditioning, the set is connected in a specific order, with the SCX cartridge on top 
of the SAX, and the 0.45 µm filter (Millex®-GP, Millipore, Hertfordshire, UK) (Figure 
2.8). A known volume of water sample (30 ml) is then passed through the kit using 
a (cleaned/ rinsed x 3 with water sample) disposable 20 ml BD™ plastic syringe (a 
rate of ~ 5 ml/min), and collected into a clean 15 ml polypropylene centrifuge tubes 
(Sarstedt, Leicester, UK). After passing the 30 ml water volume through the kit, air 
was forced through to ensure no solution remained in the cartridge material.  The 
effluent reserved the iAsIII species, the SCX cartridge captured DMAV, and the SAX 
cartridge retained the MAV and iAsV species. The kits were then fully labelled and 
stored until transportation to the University of Surrey. 
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Figure 2.8: Field-based SPE methodology for arsenic speciation in water (Watts 
et al., 2010). 
The elution of the arsenic species captured onto the SCX and the SAX 
cartridges was undertaken upon the return to the laboratory. The elution of DMAV 
from the SCX was achieved by passing 5 ml of 1 M HNO3 (Aristar®, Fisher 
Scientific Ltd, Leicestershire, UK) through the cartridge into a 15 ml centrifuge 
tube. The MAV and iAsV retained in the SAX were recovered by first loading 5 ml 
of 80 mM Aristar® acetic acid (CH3COOH, BDH, Poole, UK) to elute MAV into a 15 
ml tube. The iAsV was then eluted into a separate 15 ml tube using 1 M Aristar® 
HNO3. All elution steps for each species were followed with the passing of air 
through them using air-filled syringes. Finally, all the collected fractions of arsenic 
species were stored at 4 ºC prior to analysis by ICP-MS. 
2.4.4 Analytical figures of merit  
The validation and determination of the LOD of the SPE method used in this 
study was undertaken using an intra-laboratory technique comparison with HPLC-
ICP-MS by Watts et al. (2010) and O’Reilly (2010). The limit of detection for each 
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arsenic species by the in-situ SPE method was determined using ICP-MS 
detection. These limits are 0.2 g/l for iAsIII, 0.02 g/l for iAsV, 0.02 g/l for MAV, 
and 0.02 g/l for DMAV (O’Reilly et al., 2010). 
2.5 High Performance Liquid Chromatography (HPLC) 
Elemental speciation for trace elements such as arsenic, vanadium, 
selenium, and chromium using HPLC requires very sensitive detectors for example 
coupling with flame atomic absorption spectroscopy (FAAS), graphite furnace 
atomic absorption spectroscopy (GFAAS), inductively coupled plasma atomic 
emission spectrometry (ICP-AES) and ICP- MS (Chen et al., 2011a; Harrington et 
al., 2011; Wang et al., 2010; Cornelis et al., 2005). HPLC coupled with ICP-MS 
shows very high sensitivity (Clough et al., 2014; Lough and Wainer, 2013). Even 
though ICP-MS is more expensive than other detection techniques, it has a very 
low detection limit (typically less than 0.1 g/l). Different techniques have been 
developed to improve the coupling of HPLC-ICP-MS. For example, the use of 
different nebulisation techniques (direct injection, ultrasonic and thermos-spray) 
have been reported (Lough and Wainer, 2013; Karst, 2004). The most widely used 
nebuliser is the pneumatic nebuliser (Lough and Wainer, 2013). In the following 
sections the principles of HPLC and instrumentation will be discussed. The 
speciation analysis of vanadium using HPLC will also be outlined.  
2.5.1 Principles of HPLC 
HPLC is a separation technique in which individual components in a mixture 
can be separated by the interaction of the compounds with the mobile and an inert 
stationary phases (Bayne and Carlin, 2010). High pressure is used to force the 
dissolved components (via the mobile phase) through the packed material 
(stationary phase) of the column (Harris, 2010). Each component will be identified 
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by its retention time. The retention time is the time required for an analyte to pass 
through the column and reach the detector (Karst, 2004).  
Normal and reverse-phase phase chromatography are the two broad 
modes of HPLC (Lough and Wainer, 2013). Polar compounds can be separated 
using normal phase that has a polar stationary phase (mostly silica), and a less 
polar mobile phase. On the other hand, non-polar compounds are separated using 
reverse-phase, where the column contains non-polar groups bonded to silica gel 
(Bayne and Carlin, 2010). 
2.5.2 HPLC instrumentation and operating procedures 
The high performance liquid chromatography (HPLC) instrument with UV 
detector comprises of four main parts which are (Lough and Wainer, 2013; Karst, 
2004): 
(i) a sample injector: this is used for efficient and narrow band introduction 
of the sample to the HPLC column. The vast majority of HPLC systems 
are provided with a valve-type injector that allows efficient control of the 
sample volume, and holds it prior to the introduction onto the column 
(Lough and Wainer, 2013). Modern HPLC systems use automated 
sample injectors or auto-samplers (Lough and Wainer, 2013). 
(ii) a pump: this is the part that forces the mobile phase through the column 
at a constant and reproducible flow rate (Harris, 2010). There are two 
types of HPLC pumps: (1) pumps that deliver the mobile phase at 
constant pressure (10%), and (2) ones that pump at constant flow rate 
(almost 90%) (Lough and Wainer, 2013). The constant pressure pumps 
exist in two designs: pressurised coil pump, and the pressure intensifier 
pump. The constant flow rate pumps also exist in two types: the 
reciprocating piston and the syringe type (Lough and Wainer, 2013). 
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(iii) columns: a stainless steel column has a length between 2.5 to 25 cm, 
packed with the stationary phase. It has a diameter of few a millimetres 
(usually 4.6 mm) (Bayne and Carlin, 2010). A frit is placed at either end 
of the column to retain the packing material and to avoid particles larger 
than them from entering the column head. The most widely used packing 
material is silica gel (Snyder et al., 2012). This is because of its stability, 
shape and surface properties. In reverse phase HPLC, the silanol-OH 
group in the silica surface is replaced with a non-polar carbon chain (18, 
8 or 2 carbonschain). In ion-exchange chromatography, the stationary 
phase consists of an ionic functional group such as a quaternary 
ammonium group or a sulphonate group bonded to a polystyrene-
divinylbenzene polymer or silica (Harris, 2010), and 
(iv) a detector: this provides an electrical out-put signal which is proportional 
to the analyte concentration arriving at that moment. The UV detector 
that is usually used with HPLC for the separation of organic compounds 
is not useful for elemental speciation analysis (Harrington et al., 2011; 
Karst, 2004). This is because the analytes of interest do not absorb UV. 
In addition, the elemental species in environmental samples are of a 
concentration range of ng/l to g/l, which requires a more sensitive 
detector. For example, the application of flame atomic absorption 
spectrometry (FAAS), graphite furnace atomic absorption spectrometry 
(GFA-AS), inductively atomic emission spectrometry (ICP-AES) and 
inductively coupled plasma mass spectrometry (ICP-MS) have been 
used for elemental detection (Lough and Wainer, 2013; Cornelis et al., 
2005; Karst, 2004).  
In this study, an Agilent HPLC instrument (1220 Infinity HPLC, Agilent 
Technologies, UK) was used for the speciation of vanadium in water samples. The 
instrument components are a dual-channel gradient pump with degasser 
(G4299A, Agilent Technologies, UK), a manual injector, a column and a double-
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beam photometer detector (1024-element diode array detector, deuterium and 
tungsten lamps). The HPLC system is fitted with an anion-exchange column and 
a guard column (IEC, Agilent G3154-65001,65002, Agilent Technologies, UK) for 
the separation of the vanadium species in the water samples.  
Table 2.10: Anion exchange main and guard columns used for vanadium 
specification in HPLC-UV.  
 
Parameter 
 
Specifications 
 
packing material 
Anion exchange resin Hydrophilic 
polymetacrylete as basic resins 
Column size (G3154-65001: main column) (mm, i.d.) 4.6 x 150 
Column size (G3154-65001: guard column) (mm, i.d.) 4.6 x 10 
Column material PEEK1 
maximum operating flow rate (ml) 1.5 
maximum operating pressure MPa (100 kgf/cm3) 9.8 
maximum operating temperature (  ͦC) 40 
Solution packed in column (mM) 
2.0 mM PBS/0.2 mM EDTA (pH 6.0) 
solution 
Note: i.d. = internal diameter, PEEK1 = polyether etherketone. 
The guard column has the same stationary phase as the main column, and 
is fitted before the analytical column to remove any particulates or contaminants 
from the solvent and to increase the life of the main column (Lough and Wainer, 
2013; Snyder et al., 2012). The specifications of the columns are presented in 
Table 2.10. The data points were collected using Lab Advisor Software (Agilent 
Technologies, UK). Due to the unavailability of the interface that couples the HPLC 
and ICP-MS, the eluted fractions from the HPLC were collected manually and 
analysed using ICP-MS for intra-laboratory comparison between the SPE-ICP-MS 
and the HPLC with ICP-MS for vanadium speciation of water samples collected 
from Argentina.  
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Isocratic elution (constant composition of the mobile phase) was utilised for 
the separation of the vanadium species (VIV and VV) using a combination of 5 mM 
Na2EDTA and 30 mM NH4H2PO4 mobile phase and a pH control of 8. This method 
is based on a modification of the procedure reported by Chen et al. (2007). The 
method achieved a good level of separation of the two vanadium species within 20 
minutes. A summary is presented in Table 2.11. 
Table 2.11: Summary of the HPLC (1220 Infinity HPLC, Agilent Technologies, UK) 
operating conditions. 
 
Parameter 
 
Typical operating conditions 
 
Injection volume (µl) 40  
Mobile phase(s) (mM) Isocratic; 5 mM Na2EDTA and 30 mM NH4H2PO4 at pH 8 
Flow rate (m/min) 1 
Run time (minutes) 20  
Pressure (psi) ~ 2000 
Elution order VIV, VV 
The fundamental steps used to develop a method for the separation of VIV 
and VV in water using HPLC will be discussed in Chapter 3. It will outline the HPLC 
operating conditions and some fundamental experiments: calibration, limit of 
detection, vanadium speciation and the effect of pH change on vanadium species. 
2.6 Ion Selective Electrodes (ISE) 
Ion selective electrodes fall in four different categories. They are either (i) 
glass membranes which are used for H+ and other monovalent cations, (ii) solid 
state electrodes which are based on inorganic crystals or conductive polymers, (iii) 
liquid based electrodes which contain a hydrophobic polymer membrane with a 
hydrophobic liquid ion exchanger, and (iv) compound electrodes that are 
composed of an analyte selective electrode which is enclosed by a membrane to 
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separate the analyte from the sample (Harris, 2010). The fluoride ISE is a solid 
state electrode. The determination of fluoride using an ion selective electrode (ISE) 
is a widely used technique for water quality control, and for industry, 
pharmaceutical and medicinal applications (Peng et al., 2016; Dessalegne and 
Zewge, 2013; Hussain et al., 2013; Yasmin et al., 2013). In this study, ISE was 
used for the analysis of fluoride in all water samples (Chapter 4). This section will 
discuss the principle and instrumentation of ISE (section 2.6.1), the linear dynamic 
range (section 2.6.2), limit of detection (section 2.6.3), and determination of the 
levels of accuracy and precision (section 2.6.4). 
2.6.1 Principle and instrumentation of ISE 
The fluoride ISE method utilises a membrane that is mainly made of a 
lanthanum crystal which was first invented by Frant and Ross (1966). The common 
fluoride ISE electrode contains a lanthanum fluoride (LaF3) crystal that is doped 
with a small amount of europium fluoride (EuF2) to create vacancies throughout 
the crystal into which a fluoride anion (F-) can jump, leaving a new space behind. 
As a result of this movement, that is, the jumping within the vacancies, a small 
electric current is produced (Skoog et al., 2013). In this way, the free F- ions diffuse 
from one side to another. The ion selective electrode responds to the fluoride 
activity. Fluoride activity can be measured according to the Nernst equation (Eq. 
2.3) over a concentration range of between 10-6 to 1 mol/l F- (Deng et al., 2011; 
Harris, 2010).  
E = consatnt − β(0.05916) log 𝒜F− (outside) Eq. 2.3 
where 𝛽 is close to 1 and 𝒜𝐹− (𝑜𝑢𝑡𝑠𝑖𝑑𝑒) is the activity of the fluoride ions in the outer 
solution.  
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Many studies have been undertaken to evaluate the influence of possible 
interferences for fluoride analysis of water samples using ISE. No interference 
effects have been found due to the presence of common anions in aqueous 
solutions such as chloride, nitrate, sulphate or phosphate. However, the 
interferences from hydroxide and hydrogen ions (OH- and H+) have been reported 
to be significant (Deng et al., 2011; Somer et al., 2010; Weinreich et al., 2007). At 
a high pH, hydroxide ions (OH-) can form a layer of La(OH)3 due to the surface ion 
exchange reaction with a relevant potentiometric selectivity coefficient of 𝐾𝐹,𝑂𝐻
𝑝𝑜𝑡
 = 
0.1 (Mermet et al., 2004). On the other hand, the selectivity of the ISE for F- is of 
several orders of magnitude compared to other elements.  
LaF3 + 3 OH
−  ⇌ La(OH)3 + 3 F
− Eq. 2.4 
At a low pH, hydrogen ions (H+) combine with F- to form ion-paired species 
of HF, which cannot be detected by ISE. Therefore, the working pH range of the 
fluoride ISE is between pH 5.5 and 6.5 (Deng et al., 2011; Somer et al., 2010; 
Weinreich et al., 2007). 
Different studies show that the determination of fluoride using an ISE is 
known to suffer from various interference effects associated with Al3+, Fe3+, Mg2+ 
and Ca2+. This is due to the formation of strong complexes with fluoride ions in 
solution. Such interferences can be solved either by (i) steam distillation of water, 
which takes a long time before the actual sample analysis, or (ii) by the addition of 
a total ionic strength adjustment buffer (TISAB). This latter method is sensitive, 
with a short equilibrium time, and can eliminate the interference by forming 
complexes with the interference ion so as to free the F- in the sample (Ranjan and 
Ranjan, 2015; Hussain et al., 2013; Deng et al., 2011; Li et al., 2009b; Rajković 
and Novaković, 2007).  TISAB is a high ionic strength buffer that contains sodium 
citrate, sodium chloride, sodium hydroxide and CDTA (cyclohexene diamine tetra 
Chapter 2 Analytical Methodology 
91 
acetic acid) to keep the pH between 5.2 to 5.6 (Ranjan and Ranjan, 2015; 
Edmunds and Smedley, 2013). 
In this study, the determination of fluoride in all water samples was achieved 
by using an Orion Star A214 pH/ISE Bench-top meter (Thermo Scientific, USA), 
Thermo Scientific fluoride combination ISE; with the reference and sensing 
electrodes built in the same probe; (Orion 9609, Thermo Fisher Scientific, USA) 
and a buffer (TISAB II, Orion, Thermo Fisher Scientific, USA) which was added to 
all standards and samples at a 1:1 ratio. All samples and standards were kept at 
least for four hours at room temperature so that they could all be measured at the 
same temperature, thereby reducing or eliminating any effect due to variations in 
temperature which will directly influence ISE sensitivity (Skoog et al., 2013). The 
sample volume used was 5 ml, with the addition of 5 ml TISAB II buffer solution. 
The ISE measurements were undertaken within 20 seconds. Each standard and 
sample was measured three times. The ISE was rinsed with DDW (18.2 ΩM. cm) 
and blotted dry between measurements. The ISE was stored (capped and dry) 
when not in use.  
2.6.2 Linear dynamic range  
The linear dynamic range of the fluoride ISE is in the range of 10-6 to 1 M 
(0.02 to 19000 mg/l F-) (Harris, 2010). The ISE instrumental calibration for fluoride 
was achieved by using a set of eight standards covering the range of 0.05 to 20 
mg/l F- (TraceCERT®, Sigma Aldrich, UK). TISAB II (Orion, Thermo Scientific, 
USA) was added to all standards in 1:1 ratio. The ISE was calibrated everyday 
with 1, 2, and 10 mg/l F- commercial standards with TISAB II added to each one in 
1:1 ratio (Orion, Thermo Scientific, USA) to check the working condition of the 
instrument by ensuring that the slope was between - 54 to - 60 mV for a standard 
temperature of between 20 - 25 ºC. Figure 2.9 shows the linear calibration curve 
for the eight fluoride standards (TraceCERT®, Sigma Aldrich, UK). In this curve, 
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the log [F-] mg/l was plotted against the potential difference (mV) of the electrode 
and has a slope of - 58.5 mV with a coefficient correlation of 1 (Figure 2.9).  
  
Figure 2.9: ISE calibration curve for fluoride (log F-) against the ISE potential (mV). 
2.6.3 Limit of detection  
The limit of detection (LOD) for the ISE was determined by sequential 
dilution of a 10 mg/l F- standard (TraceCERT®, Sigma-Aldrich, UK). A total of 
fourteen continuous dilutions were undertaken with the lowest concentration being 
0.00001 mg/l. The plotted log [F-] against ISE potential (mV) was linear up to 0.02 
mg/l F- as shown in Figure 2.10. The LOD of detection (0.02 mg/l F-) is in 
agreement with the ISE manual (Thermo Scientific, USA). 
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Figure 2.10: Determination of the limit of detection (LOD) of fluoride using ion 
selective electrode (ISE) (Orion 96-09, Thermo Fisher Scientific, 
USA). 
2.6.4 Accuracy and precision 
The accuracy of the ISE (Orion 96-09, Thermo Fisher Scientific, USA) for 
the determination of fluoride in water was established by measuring the levels of 
F- with 1:1 TISAB II addition, using two CRMs, namely, certified reference material 
(ERM–C016A, Soft Drinking Water UK-Anions, ERM, LGC, UK) and ion 
chromatography CRM (ICM 4 - 100, LGC, UK). The measured and the certified 
values of both certified reference materials are shown in Table 2.12. A paired t-
test was applied to examine whether a statistically significant difference existed 
between the measured values and certified values. The null hypothesis was not 
rejected because the calculated value (tcalc = 0.81) for n = 3 replicates was found 
to be lower than the critical value (tcrit = 4.3) at the 95% confidence limit (or 
probability P = 0.05). From this it can be concluded that the two values do not differ 
significantly at a probability level of P = 0.05.  
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Table 2.12: Fluoride levels (mg/l) comparison between certified and measured 
values (n = 3) by ion selective electrode (ISE). 
Certified Reference Material 
[F-] mg/l 
Certified Value Measured Value 
ERM-C016A 1.5 ± 0.1 1.51 ± 0.03 
ICM4-100 100 ± 2 98.43 ± 0.10 
The accuracy of the ISE (Orion 96-09, Thermo Fisher Scientific, USA) was 
also measured by spiking water samples of four replicates with three different 
concentrations (0.1, 5 and 20 mg/l F-). First the buffer TISAB II (Orion, Thermo 
Scientific, USA) was added at a 1:1 ratio to the samples, and the F- level measured 
by ISE (Orion 96-09, Thermo Fisher Scientific, USA). The average percentage 
recovery for the spiked fluoride solutions was 94 % on the addition of 0.05 mg/l 
whilst it was a 100% for 5 and 20 mg/l additions. However, when the F- analysis 
was undertaken for the spiked samples without the addition of TISAB II (Orion, 
Thermo Scientific, USA), there was only a 60 % F- recovery for 0.1 mg/l spike 
addition. The spiked samples with 5 and 20 mg/l F- additions were lower than 94%.  
The levels of accuracy precision of ISE were measured by investigating the 
repeatability and the reproducibility of the instrument. To study the repeatability of 
the ISE (Orion 96-09, Thermo Fisher Scientific, USA), each certified reference 
material was analysed in replicates of three. The precision levels were found by 
calculating the relative standard deviation (%). The percentage relative standard 
deviation was 0.2 %, which confirms a very good level of precision (Table 2.13). 
The level of accuracy for the repeatability study was evaluated by comparing the 
mean value with the certified value. For both CRMs there is a very good agreement 
between the two values confirming the good level of accuracy. 
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Table 2.13: Repeatability estimates for the ion selective electrode (Orion 96-09, 
Thermo Fisher Scientific, USA) for certified reference materials 
reported as relative standard deviations (% RSD), n = 3. 
 
Sample Name 
 
Average (mV) 
 
SD 
 
RSD % 
 
ERM-C016A 1.52 0.17 0.2 
ICM4-100 98.20 0.10 0.2 
The reproducibility of the ISE (Orion 96-09, Thermo Fisher Scientific, USA) 
was determined by analysing the water samples from Argentina by ISE on different 
days (Table 2.14). The results confirmed good levels of reproducibility (1.4 -2.9 
%).  
Table 2.14: Reproducibility estimates for the ion selective electrode (Orion 96-09, 
Thermo Fisher Scientific, USA) using water samples from Argentina. 
The relative standard deviations (% RSD) are based on n = 3 
replicate measurements over 4 different days. 
Samples* LOCATION 
[F-] mg/l 
RSD % Day 1 Day 2 Day 3 Day 4 
CV-SF-04 Río Agrio Falls 5 Caviahue 6.95 7.09 7.45 7.13 2.9 
RA-SW-01 Salta de Agrio 2.05 2.06 2.12 2.07 1.4 
LM-GW-03 Lemon pool Copahue 0.26 0.27 0.27 0.28 2.4 
Río Negro Golo Farm Ruta 22-well 1.22 1.20 1.20 1.25 1.7 
* Samples provides by (Farnfield, 2012)  
2.6.5 Fluoride stability study 
The stability of fluoride in water samples was investigated by measuring prepared 
fluoride standards (0.1, 1.0 and 5.5 mg/l F-) at different time periods of storage. 
The standards were measured over a time period of 50 weeks. Each standard was 
stored without (Figure 2.11) and with the addition of 1% (v/v) TISABII buffer. The 
three standards showed no change in the levels of F- within a time period of fifty 
weeks (0.1; 0.10 ± 0.01 mg/l, 1.0; 1.10 ± 0.01 mg/l, 5.5 mg/l; 5.67 ± 0.11 mg/l). The 
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measurements on week 50 were similar to the measurements in week 20 (0.10, 
1.10 and 5.68 mg/l F-). These results help to insure that there is no change of 
fluoride levels with transportation of samples from the sampling sites to the 
laboratory. The same experiment was undertaken but with adding 1 % (v/v) of 
TISAB II to 1 mg/l F-, and the results were compared with the 1 mg/l where no 
addition was undertaken. This was done to check if TISAB II buffer can increase 
the efficiency of storage. Fluoride levels (1.1 mg/l F-) stored with (1.10 ± 0.009, n 
= 11) and without (1.06 ± 0.05, n = 11) adding 1 % (v/v) TISAB (II) were measured 
continuously over a time period of fifty weeks. A paired t-test revealed that the is 
no significant difference between the two storage method (P = 0.125, n = 11) at 
the 95% confidence limit (or probability P = 0.05). 
 
  
Figure 2.11: Stability study of fluoride levels [F-] with time for three different levels 
(0.1.1.0 and 5.5 mg/l F-) over a time period of 15 weeks without adding 
TISAB II. The left Y-axis is for 1.0 and 1 mg/l F- and the right Y-axis 
is for 0.1 mg/l F-. 
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A stability study was also undertaken for six samples of Argentine groundwater 
(Table 2.15). Fluoride levels were measured after coming back to the University 
of Surrey and after a month of storage. A paired t-test was applied to check if there 
was any significant difference between the two analysed sets at P = 0.05. The 
calculated t value (tcalc = 1.46) was less than the critical t (tcrit = 2.78) at 95 % 
probability with 5 degrees of freedom. This showed that there is no change in the 
levels of fluoride after a month from the time of sample collection. 
Table 2.15: Stability study of fluoride in Argentine groundwater samples at two 
time periods: [F-]1 mg/l at arrival of the samples to the laboratory and 
[F-]2 mg/l after a month of storing the samples. 
 
Sample Code 
 
[F-]1mg/l 
 
[F-]2 mg/l 
 
Fil-W-01 7.16 7.23 
Fil-W-02 7.13 7.16 
Fil-T-01 7.42 7.23 
Fil-T-02 7.45 7.48 
AD-W-01 14.08 13.86 
AD-W-02 14.08 13.86 
2.7 Ion Chromatography (IC) 
Ion chromatography (IC) was used to determine the levels of anions present 
in water samples that cannot be determined by ICP-MS, and to compare the 
sensitivity and the accuracy of IC with the ion selective electrode (ISE) for the 
determination of fluoride in water. In addition, this technique enables the analysis 
of other anions that cannot be measured by the fluoride ISE, namely, Cl-, SO42-, 
Br-, NO3- and PO43 (Fisher et al., 2013; Haddad et al., 2008). 
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2.7.1 Principles of ion chromatography (IC) 
Ion chromatography is an efficient separation technique used to separate 
ions according to their ability to exchange with the oppositely charged functional 
groups on a stationary phase (Paull and Nesterenko, 2013; Harris, 2010). The 
separation is based on electrostatic interactions between the ionic analyte, the ions 
present in the mobile phase, and the ionic functional groups attached to the 
stationary phase.  
An inert polymer, such as such as PTFE or poly(ether ether ketone) (PEEK), 
is used as the wetted surface for the IC instrumentation (Jackson et al., 2005) 
rather than stainless steel. This is to avoid any contamination due to the corrosion 
that can take place because of using acidic eluents, such as HCl or H2SO4 (Fritz 
and Gjerde, 2009; Busev and Dukhova, 2006). 
 
 
Figure 2.12: Schematic diagram of the basic components of IC (Jackson et al., 
2005). 
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The mobile phase is delivered through the IC instrumentation by an inert 
dual piston pump (Figure 2.12). This pump provides a pulse free operation which 
produces a lower baseline noise (Poole, 2003a). The sample injection is carried 
out either manually with a six port switching valve design, or with an unattended 
automated injector. A typical sample volume of 100 – 500 l can be used in IC 
(Jackson, 2005). 
The eluent generator is programmed to generate the IC eluent (isocratic or 
gradient) from a concentrated electrolyte solution(s) reservoir using the flow of the 
deionised water from the IC pump prior to sample injection. Eluents either work 
together with electrolysis and an ion-exchange membrane, or with a controlled 
dosing arrangement. The pH is adjusted with an additional conditioning device. In 
addition, the eluent generator has a degassing unit (Paull and Nesterenko, 2013). 
The IC column is packed either with a styrene-divinylbenzene copolymer 
with SO3- or COO- groups for cationic exchange, or with NH3+ and NR3+ groups for 
anion exchange (Fritz and Gjerde, 2009). The most common anion exchange 
columns available are poly(methacrylate)- (PMA-), poly(vinyl alcohol)- (PVA-), and 
polystyrene-divinylbenzene (PS-DVB-) based anion exchanger. The PVA and 
PMA are of low mechanical stability which limits the column backpressure 
tolerance, and hence the column length and particle size. Recently, new 
generations of anion exchangers (e.g. IonPac AS24) have been developed by 
Dionex Corp. In this type of column, the polystyrene micro-particles are coated 
with a hydrophilic multilayer to give excellent mechanical and hydrolytic stability 
(Paull and Nesterenko, 2013).  
Over 95% of IC columns are anion exchangers with quaternary ammonium 
groups (Paull & Nesterenko, 2013). They consist of either a trialkylammonium 
head connected to the surface with an alkyle spacer, or two alkyl substituents and 
one hydroxyalkyl substituent connected to the nitrogen. The cationic exchange 
columns are found in three different categories, including, (i) strong-acid cation 
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exchangers with sulfonic acid functional groups, (ii) weak-acid cation exchangers 
which have an individual or combination of carboxylic, phosphonic and phosphoric 
acid functional groups, and (iii) complexation-type ion-exchangers with stationary 
crown ether molecules forming complexes with specific cations (Fritz and Gjerde, 
2009; Haddad et al., 2008; Saari-Nordhaus and Anderson, 2004). 
Different detection methods, such as conductivity, amperometric, 
spectroscopic and mass spectrometry detection methods, have been used for IC 
detection (Paull and Nesterenko, 2013; Harris, 2010; Jackson, 2005). The most 
common detection mode in IC instruments involves the use of a conductivity 
detector. Conductivity detectors are universal for ionic solutes as the majority of 
anions and cations have no or weak UV chromophors (Jackson, 2005). The 
measurement of this detector is based on measuring the overall conductivity of the 
eluent, and the conductivity of the impermanent bands of eluting ionic analytes 
(Skoog et al., 2013). The conductivity can be measured in two ways:  
(i) direct mode (non-suppression), in which the eluents are weak acids or 
bases and the ion analyte is a strong electrolyte that shows a positive 
peak,  
(ii) indirect or suppression mode which is used when the eluent is an acid 
solution or alkali hydroxide with a higher conductance compared to the 
ionic analyte, hence a negative peak (Jackson, 2005).  
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Figure 2.13: A schematic diagram of membrane-based suppressor showing 
chemical suppression of sodium hydroxide (Paull and Nesterenko, 
2013). 
The suppressor is a post column introduced between the IC column and the 
conductivity detector. It acts to reduce or supress the background conductivity 
of the eluent ions through the exchange of ions across an exchange 
membrane, or a high-capacity anion-exchange resin. The basic mechanism of 
this method is the exchange of highly conductive ions (K+ or NO3-) from their 
diluted strong base or acid (KOH or HNO3) with either hydroxide (OH-) or 
hydronium ions (H3O+), forming a low conductivity H2O (Fritz and Gjerde, 
2009). Figure 2.13 shows a schematic of a membrane-based suppression 
(Dionex Corp.) of sodium hydroxide eluent. When the analyte counter ion (Na+) 
is passed through the suppression membrane, it is exchanged simultaneously 
with (H3O+) - H+ forming H2O in the eluent (Paull and Nesterenko, 2013). H2O 
has a weaker conductance than OH- and this enhances the conductivity of the 
analyte by reducing the background of the eluent conductivity.  
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2.7.1.1 IC Instrumentation and operating parameters  
The instrument used in this study was a Dionex ICS-5000 (Dionex, Surrey, 
UK). The system comprises of an eluent reservoir unit containing an EGC-KOH 
eluent cartridge and degasser, Ion Pac AG18 guard column, Ion Pack AS18 anion 
microbore column, anion self-regenerating suppressor (ASRS 300), ICS-5000 
conductivity detector and a consciously regenerated anion trap column (CR-ATC). 
The system was controlled and data collected using Dionex Chromeleon™ 
Software, version 6.70. The operating procedures of IC Dionex ICS-5000 used in 
this study are summarised in Table 2.16. 
Table 2.16: Operating conditions for the ion chromatograph Dionex ICS-5000. 
Parameters Typical operating condition 
Injection volume (µl) 500  
Mobile phase (mM) 3.5 mM Na2CO3/ 1.0 mM NaHCO3 (50/50 mix) 
Run time (minutes) 8  
Elution order F-, Cl-, Br-, SO42- , NO3- and PO43- 
Figure 2.14 reports an example of a typical chromatogram from the IC 
Dionex ICS-5000 of a multi-anion calibration standard (5 mg/l). The anions eluted 
in the following order: F-, Cl-, Br-, NO3-, NO3- and PO43-. Figure 2.15 is a 
chromatogram of an unknown Argentine natural water sample (Dionex ICS-5000, 
University of Surrey, UK). 
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Figure 2.14: Typical standard solution chromatogram for [F-], [Cl-], [SO42-], [Br-], 
[NO3-] and [PO43-] (5 mg//l) using the Dionex ICS-5000 (University of 
Surrey, UK). The y-axis reports the detector signal (µS) and the x-axis 
the elution time (6 minutes). 
 
Figure 2.15: Argentine natural water sample chromatogram produced by the 
Dionex ICS-5000 (University of Surrey, UK). 
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2.7.2 Calibration 
An instrumental calibration was obtained by running a series of five 
standards (0.05, 0.5, 1, 5 and 10 mg/l F-) prepared from a multi-anion standard of 
concentration 100 mg/l (Ion-Chromatography CRM, Multi-Anion Standard 4, LGC 
standards, UK) and diluted with DDW (18.2 MΩ. cm).  The calibration curve for 
fluoride was plotted [F-] standards in mg/l against the peak height as shown in 
Figure 2.16. 
 
Figure 2.16: Calibration curve for fluoride (mg/l F-) by ion chromatography (Dionex 
ICS-5000, University of Surrey, UK).  
2.7.3 Limits of detection (LOD) 
The LOD of IC (Dionex ICS-5000, Surrey University, UK) was determined 
by continuous dilution of 1 mg/l of multi-anions standard (Ion-Chromatography 
CRM, Multi-Anion Standard 4, LGC standards, UK). The calibration curve of each 
anion was plotted (the concentration (mg/l) against the peak height (µS/cm)). The 
sequential dilution showed that the linear dynamic range of each anion stopped at 
concentrations below the levels presented in Table 2.17. 
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Table 2.17: Limit of Detection (LOD) of IC (Dionex ICS-5000, University of Surrey, 
UK) for [F-], [Cl-], [SO42-], [Br-], [NO3-] and [PO43-] (mg/l). 
 
2.7.4 Accuracy and precision  
The certified reference materials (ERM–C016A, Soft Drinking Water UK-
Anions, ERM, LGC, UK), and ion chromatography CRM (ICM 4 -100, LGC, UK), 
were measured by IC (Dionex ICS-5000, University of Surrey, UK) to check the 
accuracy of the instrument as shown in Table 2.18. Statistical analysis of the data 
was undertaken using a Student’s t-test to evaluate if there is a statistical 
difference between the measured values and the certified values (based on the 
null hypothesis). The calculated t value (tcal = 1.15) was found to be lower than the 
critical value (tcrit = 4.3, at a probability level of P = 0.05), which confirms that the 
null hypothesis is retained: there is no statistically significant difference between 
the measured and certified values, thereby confirming the accuracy of the results 
for 3 degrees of freedom. 
Table 2.18: Assessment of accuracy certified reference material (ERM–Co16A) 
the determination of fluoride (mg/l) by IC (Dionex ICS-5000, 
University of Surrey, UK). 
CRM 
 
Certified value 
(mg/l F-) 
 
 
Measured value 
(mg/l F-) 
 
ICM4-100-x10 DF 100 126.83 
ERM –Co16A 1.5 1.65 
The precision of IC was determined by analysing each standard (0.1, 0.5, 
1.0 and 2.5 mg/l F-) five times during the same run, as shown in Table 2.19. The 
levels of precision for the repeatability study (n = 5) are very good over the four 
standards, ranging from 0.04 to 0.05 RSD (%). 
mg/l [F-] [Cl-] [SO42-] [Br-] [NO3-] [PO43-] 
LOD 0.04 0.04 0.2 0.04 0.08 0.2 
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Table 2.19: Estimation of the levels of repeatability using IC (Dionex ICS-5000, 
University of Surrey, UK) based on the relative standard deviation 
(%RSD) for a set of standards. 
The reproducibility level for the IC (Dionex ICS-5000, University of Surrey, 
UK) was measured using the same set of samples, which were analysed on the 
instrument over a period of different days (Table 2.20). The calculated % RSD was 
found to range over 4.8 - 10.4%. It is clearly obvious that the reproducibility levels 
are higher than the repeatability levels, which is to be expected due to increased 
variance caused by slight changes in the environment of the laboratory and 
instrument (different optimisation and calibration conditions for each day that 
influence the reproducibility). Table 2.20 clearly confirms this, the data for day 2 is 
systematically lower than the other three days. 
Table 2.20: Estimation of reproducibility for IC (Dionex ICS-5000, University of 
Surrey, UK) based on measurements of the standards at different 
days and assessed by calculation of the relative standard deviation 
(% RSD). 
Sample Name 
[F-] mg/l 
Average SD % RSD 
Day 1 Day 2 Day 3 Day 10 
4 ppm F 4.19 3.40 4.33 4.16 4.02 0.42 10.4 
20 ppm F 22.59 19.97 22.95 21.54 21.76 1.34 6.2 
40 ppm F 43.48 39.20 43.01 40.84 41.63 1.99 4.8 
70 ppm F 76.78 69.11 77.13 71.84 73.72 3.90 5.3 
 
Standard 
mg/l F- 
 
Peak Height (µS) 
Average SD RSD % 
Run 1 
 
Run 2 
 
Run 3 
 
Run 4 
 
Run 5 
 
0.1 3.07 3.07 3.07 3.08 3.07 3.07 0.001 0.04 
0.5 3.06 3.06 3.06 3.07 3.06 3.06 0.001 0.04 
1.0 3.07 3.06 3.07 3.06 3.06 3.06 0.002 0.05 
2.5 3.06 3.06 3.06 3.07 3.06 3.06 0.001 0.04 
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An inter-laboratory method comparison between ISE and IC was 
undertaken to validate F- measurement using ISE. A set of 10 samples were 
measured by ISE and IC and were statistically compared by using a paired t-test. 
The calculated t value (tcal = 0.65) was found to be lower than the critical value (tcrit 
= 2.26) at P = 0.05 which confirms that the null hypothesis is accepted and that the 
two methods do not give significantly different results. Therefore, this statistical 
assessment confirms that the ISE technique is providing accurate results as 
established by this inter-analytical comparison.  
2.7.5 Limitations/Interferences  
The primary problem of the progress of IC online detection is that most 
common ions cannot be detected photometrical as they have no or a weak 
chromophore. This was solved by the development of a conductivity detector with 
suppressors to measure the separated ions in the background of highly conducting 
eluents. However, there are some disadvantages of using suppressor columns, 
including (Bhattacharyya & Rohrer, 2012): 
(i) the requirement of periodic replacement or regeneration, 
(ii) the unexhausted portion of the suppressor column can lead to the 
ion-exclusion effect, hence varying the time of elution of weak ions, 
(iii) varied responses which are due to the reaction of ions (e.g. NO3-) 
with the unexhausted portion of the suppressor column, and 
(iv) an interference in the baseline of the chromatogram by a negative 
peak of the eluent, which depends on the degree of exhaustion of 
the suppressor column. 
All the suppressor problems can be solved by the use of ion-exchange 
hollow fibres as packing material in the suppressor column (Pietrzyk and Dicinoski, 
2000). However, the main disadvantage of the use of hollow fibre ion-exchange 
suppressors is the large void volume (2 - 5 times more) compared to conventional 
Chapter 2 Analytical Methodology 
108 
suppressors. This can lower the efficiency of some early eluting ions such as 
fluoride and chloride. Subsequently, the fibre deign suppressors were displaced 
by continuously regenerating a flat ion-exchange membrane. This ion-exchange 
membrane to date is the proceeding workhorse IC processor (Bhattacharyya and 
Rohrer, 2012).  
2.8 Statistical Calculations  
The statistical calculations applied throughout this study will be outlined in 
Appendix C. This includes various statistical tests such as descriptive statistics 
(mean, median, standard deviation and relative standard deviation), the Student’s 
t-test, the comparison of two normally distributed population means using t-tests, 
the non-parametric Mann-Whitney U-test, the Kruskal-Wallis test and the Pearson 
product moment correlation coefficient and the non-parametric Spearman’s rank 
correlation coefficient (Appendix C.1 – C.8). Most of these statistical tests were 
calculated using statistical software packages IBM® SPSS® Statistics version 20 
and GraphPad Prism 6. The explained statistical tests will be used in Chapters 3, 
4, 5 and 6. To use the above software, elemental data below the limit of detection 
were assigned a value of one-half the limit of detection. This method was 
demonstrated by Farnfield (2012) and Hinwood et al. (2003). Throughout the 
thesis, the decimal places of all measured values are based on the elemental limit 
of detections (refer to sections 2.3.5, 2.6.3 and 2.4.4). 
2.9 Summary  
This chapter discussed the analytical methods and instrumentation used 
within this study (sections 2.3 - 2.7). The environmental and biological sample 
collection (2.1 and 2.2.1) and preparation (sections 2.2 and 2.4.3) methods were 
outlined. Trace elemental (total and separate species) analysis was conducted 
using an Agilent 7700x ICP-MS instrument (section 2.3.2) with a third generation 
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collision reaction system (CRS3) (section 2.3.2.2). The CRS3 showed the ability to 
eliminate vanadium and arsenic polyatomic interferences (section 2.3.2). Internal 
standard addition to the standards and the analysed water and human samples 
were found to correct any drift in the elemental signal (section 2.3.3). The accuracy 
of the inductively coupled plasma spectrometer (ICP-MS) was checked by using 
two water certified reference materials (CRMs) NIST SRM 1640a and SRM TMDA-
54.4 (section 2.3.7). Most analysed elements showed high levels of repeatability 
(using Student’s t-test) and reproducibility (using % relative standard deviation) as 
shown in Table 2.8 and Table 2.9. The speciation analysis of arsenic in water 
using solid phase extraction (SPE) was outlined in section (2.4.2). The SPE 
method is fit-for-purpose to ensure stability of arsenic species but consideration 
needs to be taken at pH < 2 as arsenate is also not adsorbed to the SPE cartridge. 
Fluoride in all water samples was analysed using an ion selective electrode (ISE) 
(section 2.6). The total ionic strength adjustment buffer (TISAB II) was added to all 
standards and samples in a 1:1 ratio. This is because TISABII can form complexes 
with the interference ions for fluoride measurements in a short equilibrium time and 
release free F- ions in the sample (section 2.6.1) The performance of the ISE was 
tested (section 2.6.4) by using a certified reference material (ERM–C016A, Soft 
Drinking Water UK-Anions) and revealed high levels of accuracy and precision 
(section 2.6.4). A fluoride stability study showed that fluoride anions were stable 
over a time period of more than fifty weeks. Moreover, ion chromatography (IC) 
was used as an inter-laboratory comparison evaluation to validate the ISE for 
fluoride analysis in water samples (section 2.7). A paired t-test showed no 
statistically significant differences between the two instruments for fluoride 
analysis. Furthermore, the statistical tests used throughout this research have 
been discussed in section 2.8 and Appendix C. 
The outlined methods in this chapter have been used in the analysis of all 
water and human samples from different provinces of Argentina. Chapter 3 
discusses the development of a vanadium speciation method used in-situ in two 
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provinces of Argentina (La Pampa and Buenos Aires provinces). Chapter four will 
detail all the elemental and arsenic speciation levels of the water samples 
(groundwater, surface water and tap water) and human samples (hair and nails). 
Chapter 5 will discuss the possible link to human health disorders and the 
correlation between the elements of interest in this study. Chapter 6 will outline the 
removal of arsenic, vanadium and fluoride using electrode deposition. Finally, at 
the end, Chapter 7 will be the conclusion that will summarise all the findings and 
future work.  
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3.0 Introduction  
One of the main features of this research was to develop a novel field-based 
solid phase extraction method for vanadium speciation in Argentine waters. This 
aim was achieved by the development of a solid phase extraction technique based 
on a modification of the Minelli et al. (2000) method for vanadium speciation using 
graphite furnace atomic absorption spectrometry (GFAAS). In this study, total and 
vanadium species levels in natural water samples from different locations of 
Argentina were measured using inductively coupled plasma mass spectrometry 
(ICP-MS). This chapter will focus on several topics as follows: 
(i) the determination of total vanadium by ICP-MS (section 3.1), 
(ii) the development of a strong anion exchange-solid phase extraction 
technique for vanadium speciation with ICP- MS (SAX-SPE -ICP-MS) 
(section 3.2),  
(iii) the speciation of vanadium using high performance liquid chromatography 
(HPLC) with ICP-MS as an inter-analytical method for comparison with the 
developed SAX-ICP-MS method (section 2.5), and 
(iv)  the application of the developed SAX-SPE-ICP-MS speciation method in 
three sampling study areas in Argentina, namely: Río Negro, La Pampa 
(Eduardo Castex) and Buenos Aires provinces (section 3.4). The 
developed method will provide a broad understanding of the 
toxicity/bioavailability of vanadium in relation to human health. 
3.1 Determination of Total Vanadium (VT) by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) 
Reported levels of vanadium in surface and groundwaters range from 
undetectable to hundreds of g/l (Fan et al., 2005) depending on the 
physiochemical parameters and geological features of the study area (Roccaro 
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and Vagliasindi, 2014). For this reason, different pre-concentration and separation 
techniques have been developed for vanadium total and speciation analysis, 
including solid phase extraction (SPE) (Wang and Sañudo-Wilhelmy, 2008; 
Veschetti et al., 2007; Minelli et al., 2000); capillary electrophoresis (CE) (Chen 
and Owens, 2008; Cornelis et al., 2005; Beauchemin et al., 1989) and different 
methods of liquid chromatography (Kilibarda et al., 2013; Gamage et al., 2010; 
Aureli et al., 2008; Fan et al., 2005). The coupling of these separation techniques 
to sensitive and highly selective detectors, such as, inductively coupled plasma 
mass spectrometry (ICP-MS) (Kilibarda et al., 2013; Gamage et al., 2010; Bednar, 
2009; Aureli et al., 2008; Fan et al., 2005; Liu and Jiang, 2002), inductively coupled 
plasma atomic emission spectrometry (ICP-AES) (Roccaro and Vagliasindi, 2014), 
graphite furnace atomic absorption spectroscopy (GFAAS) (Wadhwa et al., 2013; 
Gil et al., 2007; Minelli et al., 2000), neutron activation analysis (Greenberg and 
Kingston, 1983) and some UV-vis spectroscopy methods (Filik et al., 2004; 
Pyrzyńska and Wierzbicki, 2004a) have been used for the determination of 
vanadium in water samples (Cornelis et al., 2005). In this section, inductively 
coupled plasma mass spectrometry (ICP-MS) will be investigated with a focus on 
optimised operating conditions, the linear dynamic range, calibration, the limit of 
detection, levels of accuracy and precision, possible interference effects, and 
associated instrumental corrections for vanadium analysis. 
3.1.1 Vanadium by ICP-MS 
Inductively coupled plasma mass spectrometry (ICP-MS) is a unique and 
successful technique for the determination of trace elements in water (Pfeiffer et 
al., 2015; Clough et al., 2014). ICP-MS has low limits of detection, a large 
elemental linear dynamic range, and is capable of handling isotopic ratio 
measurements (Kilibarda et al., 2013; Bednar, 2009; Thomas, 2008; Maréchal et 
al., 1999). As such, this technique has been reported to have better levels of 
sensitivity for vanadium analysis than GFAAS (Pourret et al., 2012; Bednar, 2009; 
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Pyrzyńska, 2006; Liu and Jiang, 2002). This is because of some of the problems 
that were identified with GFAAS, such as the tailing of vanadium signals, carbide 
interference and signal enhancement in the presence of nitric or hydrochloric acids 
can cause an interference with the vanadium signals produced by the graphite 
furnace (Pyrzyńska and Wierzbicki, 2004a; Rohr et al., 1999). These problems 
require further chemical treatment, for example, using uncoated graphite tubes and 
some chemical modifiers (Wadhwa et al., 2013; Ortner et al., 2002; Meeravali and 
Kumar, 2001; Su, 1998). Even though the determination of vanadium using ICP-
MS can have some problems, for instance, polyatomic interferences 
(35Cl16O+,37Cl14N, 40Ar11B+, 102Ru2+ and 34S16OH+) occurring at the same m/z as the 
most abundance isotope of vanadium 51V (99.75%), this can be corrected by using 
a reaction collision system (RCS) (D’Ilio et al., 2011; Bednar, 2009; Liu and Jiang, 
2002). An inductively coupled plasma mass spectrometer (Agilent 7700x) with a 
helium collision cell was used to analyse for (i) total vanadium levels in all water 
samples (Chapters 3 and 4), (ii) speciation method development (Chapter 3) and 
(iii) human samples (Chapter 4). 
3.1.1.1 Agilent 7700x ICP-MS operating conditions for total vanadium (VT) 
measurement and possible polyatomic interferences 
An Agilent 7700x ICP-MS instrument (Agilent Technology, UK) was used to 
analyse the total vanadium levels in all water samples at the ICP-MS Facility, 
Department of Chemistry, University of Surrey (Section 2.3.2). Vanadium (51V) 
(99.7% natural abundance) was analysed using the helium mode collision cell to 
remove any polyatomic interferences, e.g., 35Cl16O, 37Cl14N and 34S16OH (Thomas, 
2008).  
3.1.1.2 Internal standards - control chart 
Scandium (45Sc, 100% natural abundance) was selected as the internal 
standard and was prepared as a 100 g/l solution from a 1000 mg/l stock solution 
(BDH, Aristar ®, UK) of 1% HNO3 (Trace analysis grade, Fisher Scientific, UK). A 
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vanadium standard (5 g/l) and a La Pampa groundwater sample (matrix-matched) 
were run 20 and 15 times, respectively, to check the stability of the vanadium signal 
with and without internal standard (45Sc) correction. These measurements were 
made using the collision cell correction for possible polyatomic formation at m/z 
51.  
 
Figure 3.1: (a) Total vanadium (5 g/l) standard counts with CRS 51V [1] and 
scandium internal standard 45Sc [1] (100 g/l) counts with CRS; (b) 
Signal drift correction for total vanadium (5 g/l) standard counts with 
CRS 51V [1] over scandium internal standard 45Sc [1] (100 g/l) counts 
for 20 runs – reported with the action limits set by the standard 
deviation (±SD and ±2 SD). 
Figure 3.1a shows that if there is a drift in the standard (5 g/l V) signal 
there will also be a drift in the IS signals (45Sc [1]). The ratio of 51V [1] over 45Sc [1] 
shows the stability and/or the correction for any drift in the signal with time. The 
signal correction of the analysed samples is reported in Figure 3.1b. In addition, 
the same effect was investigated for a La Pampa matrix-matched groundwater 
sample, as shown in Appendix C 1 (a) and (b). The results showed the ability of 
the IS (45Sc [1]) signal under the operation of the reaction collision system in the 
helium mode (CRS) to correct for any drift in the vanadium signal with time. 
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3.1.1.3 Linear dynamic range (LRD) and calibration curve 
The vanadium (51V) linear dynamic range was determined using the Agilent 
7700x ICP-MS instrument in the helium collision cell mode. It is possible to use the 
pulse (low counts) and analog (high counts) modes which produce a linear 
dynamic range of 7 to 8 orders of magnitude (Thomas, 2013; Becker, 2007). For 
the purpose of this study, a linear dynamic range of 1 - 750 g/l was used for the 
elemental standards. This is due to the low elemental levels in most of the samples. 
In addition, this will help to avoid overloading the instrument with high elemental 
levels resulting in a blocked injector tube, cones or skimmers (which reduces the 
ion transfer efficiency of the ICP and interface). This also causes a drift in the blank 
and internal standard ion counts throughout an analysis run. A total vanadium 
stock solution of 10 mg/l VT was prepared from 1000 mg/l vanadium standard 
solution (High Purity Standards, British Greyhound, UK) in 1% HNO3 (Trace 
analysis grade, Fisher Scientific, UK).  
Figure 3.2: Calibration curve for total vanadium (51V) using signal ratio of blank 
corrected 51V/ 45Sc with (a) y = mx + c and (b) y = mx for the Agilent 
7700x ICP-MS in helium collision cell mode. 
The calibration curve for total vanadium (Figure 3.2) was established by 
correcting for the blank ion count signal and then by calculating the ratio of the 51V 
/ 45Sc signals (Eq. 2.1). The calculation of the data by ICP-MS was undertaken 
using two equations, namely y = 0.0523x and y = 0.0523x – 0.606. The y=mx 
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equation is used when the sample signal is close to the limit of detection. A paired 
t-test (refer to Appendix C) was used to evaluate whether a statistically significant 
difference exists between the two calculated data sets of water samples from 
Argentina. The data pairs for n = 276 (using the two equations) vanadium 
concentrations in water samples (tcalc. = 0.423; tcrit. = 1.96) results in a probability, 
P value of 0.05. The null hypothesis is therefore retained as there is no significant 
difference at the P = 0.05 level for using both calculation methods (Miller and Miller, 
2010). However, comparing the calculated value of the certified reference material 
NIST SRM 1640a (National Institute of Standards and Technology, USA) and CRM 
TMDA-54.4 (National Water Research Institute, Canada) showed closer results to 
the certified values when y = mx was used (Table 3.1). This, as is already stated, 
due to the instrument signal for the CRMs is in the range of the lower V standards 
and the impact of the higher standards influences the impact of the c-value (y-axis 
intercept) if the y value is very small.  
Table 3.1: Calculated total vanadium (g/l) (mean ± standard deviation) using the 
calibration curve equations (y = mx and y = mx + c) – refer to 
calibration curve data Figure 3.2 and the total number of samples n. 
 
Certified reference material 
 
[V] g/l 
y=mx 
[V] g/l 
y = mx +c 
[V] g/l 
Certified value 
*NIST SRM 1640a 356.0 ± 0.9 356.5 ± 0.2 349.0 ± 24 
*CRM TMDA-54.4 14.9 ± 0.2 15.8 ± 0.2 14.93 ± 0.25 
*n = 276 
3.1.1.4 Limit of Detection (LOD)  
The limit of detection (LOD) for the determination of total vanadium by 
inductively coupled plasma mass spectrometry (ICP-MS) was calculated using Eq. 
2.2 in section 2.4.5. The LOD was found as 0.05 g/l.  
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3.1.2 Development of methods for SPE/HPLC analysis of eluent by 
ICP-MS 
In this section, the development of vanadium speciation analysis methods 
was investigated by studying the effect on the performance of the ICP-MS plasma 
when increasing the concentration of all solvents and chemicals used in the solid 
phase extraction (section 3.2) and high performance liquid chromatography 
(section 2.5) stages. 
3.1.2.1 Solvent Selection 
Organic solvents were involved in the pre-concentration and separation 
process stages. Moreover, such solvents are part of the eluents used in the 
chromatographic separation of the elemental species (Kralj and Veber, 2003). 
Different solvents were used to develop a vanadium speciation method using solid 
phase extraction (section 3.2). For the conditioning of the cartridge, distilled 
deionised water (DDW, 18.2 MΩ. cm), 99% (v/v) propanol (Trace element grade, 
Fisher Scientific, UK), 99% (v/v) methanol (Trace element grade, Fisher Scientific, 
UK) and 0.2 M disodium ethylenediaminetetraacetic acid (Na2EDTA) (Fluka, 
Sigma Aldrich, UK) were used. For the elution of vanadium (IV) oxide sulphate (≥ 
99.99 % Trace metal basis, Sigma Aldrich, UK), the eluent was made of propanol 
or methanol, disodium ethylenediaminetetraacetic acid (Na2EDTA) (0.2 M, Sigma 
Aldrich, UK) and tetrabutylammonium hydroxide (TBA+OH-) (40% in water, Sigma 
Aldrich, UK). The pH level was controlled to a value of 4 using 2.5% (v/v) NH4OH 
(Trace element grade, Fisher Scientific, UK) with the addition of either 0.1 M NaOH 
(Trace element grade, Fisher Scientific, UK) or 0.1 M HCl (Trace element grade, 
Fisher Scientific, UK). An eluent of sodium orthovanadate VV (99.98% Trace metal 
basis, Sigma Aldrich, UK) was prepared from dihydrogen ammonium phosphate 
(99.99% Trace metal basis, Sigma Aldrich, UK) and Na2EDTA (0.2 M, Sigma 
Aldrich, UK), and the resulting pH set at 8. The mobile phase used for the 
separation of vanadium species by HPLC was prepared from dihydrogen 
ammonium phosphate and disodium ethylenediaminetetraacetic acid (0.2 M, 
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Sigma Aldrich, UK), and the pH adjusted to 8. The effect of each chemical on the 
stability and subsequent measurement of vanadium using the Agilent 7700 x ICP-
MS instrument was studied. A vanadium standard of either 50, 250 or 500 g/l V 
was prepared in each solvent and analysed with and without the ICP-MS collision 
reaction system (CRS) in the helium mode [1] and with scandium (45Sc) as the 
internal standard. The results will be discussed in the following sections 3.1.2.2 - 
3.1.3. 
3.1.2.2 Methanol and propanol effect on vanadium analysis 
Methanol, ethanol and propanol have been reported to enhance the ICP-
MS signal intensity for selected trace elements that have a high first ionisation 
potential (Kralj and Veber, 2003; Larsen and Sturup, 1994; Goossens et al., 1993). 
This occurs through their interaction with ionised carbon because of the increase 
in the population of C+ ions; which have a higher ionisation energy (IE 11.26 eV), 
or other carbon-containing polyatomic ions (e.g. 40Ar12C+ and 12C35Cl+). This can 
improve the ionisation of the analytes with a lower first ionisation energy (e.g. 51V 
IE = 6.4 eV, 75As = 9.82 eV) by electron transfer to the carbon ions (Kralj and 
Veber, 2003; Larsen and Sturup, 1994; Goossens et al., 1993). Moreover, it was 
reported that the addition of alcohol (methanol or propanol) to the mobile phase of 
the SPE elution enhanced the signal of some analytes (e.g. 51V, 75As, 78Se) due to 
the reduction in the formation of polyatomic interferences that contain chloride or 
argon (35Cl16O, 37Cl14N ,40Ar35Cl+, 40Ar38Ar+) (Hu et al., 2004; Larsen and Sturup, 
1994; Beauchemin et al., 1989). The effects of methanol and propanol used for the 
pre-conditioning, and for eluting VIV species from the SPE cartridges was 
investigated by preparing a vanadium standard (50 g/l V) in increasing levels of 
alcohol (0 to 5 v/v %) (Figure 3.3). The resultant ion count signals for 51V were 
corrected by using the internal standard (45Sc) and the helium reaction collision 
cell mode (RCS, [1]). Figure 3.3a shows that without the use of an internal 
standard or the collision cell, the 51V signal increases with increasing (v/v) % levels 
of ethanol and propanol. Therefore, with internal standard correction (45Sc) and 
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the use of a helium collision cell reaction, the 51V signal remains stable (Figure 
3.3b). Methanol was selected instead of propanol, because it has less effect on 
the stability of the plasma and the enhancement of vanadium signals (Figure 3.3b) 
since it contains less carbon atoms (Hu et al., 2004). 
 
Figure 3.3: (a) Enhancement of 50 g/l vanadium (51V) counts per seconds using 
the helium reaction collision system [1] and an increase in percentage 
concentrations of methanol (MeOH) or propanol (Pr-OH) and no 
internal standard correction. (b) 50 g/l vanadium (51V) signal, 
correction for increasing percentage levels of Me-OH and Pr-OH with 
correction using the helium collision reaction cell [1]. 
3.1.2.3 Effect of Na2EDTA and TBA+OH-  
Disodium ethylenediaminetetraacetic acid (Na2EDTA) (0.2 M, Sigma 
Aldrich, UK) was added to all vanadium standards, especially during the solid 
phase extraction method development and vanadium speciation using HPLC. This 
is because it can form stable charged complexes with vanadyl (VIV) and vanadate 
(VV) (Kilibarda et al., 2013; Chen and Owens, 2008; Minelli et al., 2000). In addition, 
TBA+OH- was added to the eluent of VIV to interact with both the stationary phase 
of the cartridge forming an ionic stationary phase, and with the charged V-EDTA 
complexes in the solution (Kilibarda et al., 2013).  
The effect of Na2EDTA and TBA+OH- was examined by preparing a 
vanadium standard (250 g/l) solution with an increasing concentration of each 
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chemical (0 to 10 mM Na2EDTA and 0 to 5 mM TBA+OH-). The vanadium (51V) 
signal was measured under both the helium reaction cell mode [1] / internal 
standard (45Sc) (right Y- axis) and no gas mode [2] (left Y-axis) for both Na2EDTA 
(Figure 3.4a) and TBA+OH- (Figure 3.4b). For both chemicals, there was an 
enhancement of the vanadium signal 51V with increasing chemical concentration 
(mM). This was observed when there was no internal standard (45Sc) and with no 
reaction collection cell mode [2]. However, this enhancement was corrected by 
using 45Sc as the internal standard and with the helium reaction collision cell mode 
[1], as can be seen in Figure 3.4.  
 
Figure 3.4: Enhancement of 250 g/l vanadium 51V [2] counts per seconds without 
the helium reaction collision system [2] and without internal standard 
(45Sc) corrections and with the helium collision reaction cell [1] and 
45Sc corrections with the increase in concentrations of (a) Na2EDTA 
and (b) TBA+OH-. 
3.1.2.4 Effect of ammonium and phosphate  
Ammonium hydroxide (Trace element grade, Fisher Scientific, UK) was 
added to control the pH levels as part of studying (i) the effect of pH change on the 
efficiency of solid phase extraction method for vanadium speciation, and (ii) to 
control the pH levels of the mobile phase in ion-exchange IE-HPLC. Ammonium 
dihydrogen phosphate (NH4H2PO4) (99.99% Trace metal basis, Sigma Aldrich, 
UK) was added to the eluent (SPE) and mobile phase (RP-HPLC) to work as a 
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buffer and aid the elution of vanadium species, since it displaces the species from 
the stationary phase (Kilibarda et al., 2013).  
The effect of increasing the levels of ammonium hydroxide and ammonium 
dihydrogen phosphate on the signal of 250 g/l vanadium (51V) using ICP-MS was 
investigated. The vanadium signal (51V) without the helium collision reaction cell 
mode [2] and the internal standard (45Sc) correction was enhanced. This signal 
enhancement started to decrease with increasing the concentration of ammonium 
hydroxide (Figure 3.5a). This was corrected by using the internal standard (45Sc) 
and by using the helium collision reaction cell mode [1]. Figure 3.5a shows the 
levels were stable up to 15 mM ammonium hydroxide. Then the signals were 
enhanced even with using (51V [1]/45Sc [1]) signal correction.  
 
Figure 3.5: Enhancement of 250 g/l vanadium 51V [2] counts per seconds without 
helium reaction collision system [2] and without internal standard 
(45Sc) corrections - and with helium collision reaction cell [1] over the 
internal standard 51V [1] / 45Sc [1] corrections with the increase in the 
concentrations of (a) NH4OH (a) and (b) NH4H2PO4. 
The effect of ammonium dihydrogen phosphate was different from 
ammonium hydroxide as the vanadium (51V) signal was enhanced with increasing 
concentration of NH4H2PO4 until it reached a concentration of 40 mM. The signal 
then dropped, as can been seen in Figure 3.5b, with increasing NH4H2PO4 
concentration. The same effect was observed and the correction achieved even 
with using the 51V [1] / 45Sc correction ratio. When 80 mM NH4H2PO4 was applied 
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to the use of VV as an eluent for the SPE cartridges, (section 3.1.4) the quality 
control data for the two water CRMs (Table 3.2) provided good agreement with 
certified values. 
3.1.2.5 Effect of acid levels on vanadium analysis 
The presence of chloride in a sample can result in the formation of 35Cl16O, 
and similarly for nitrogen, as 37Cl14N. Both are well known polyatomic interferences 
that overlap with the vanadium 51V signal (Puntoriero et al., 2014; Espósito et al., 
2011; Gamage et al., 2010; Bednar, 2009; Thomas, 2008; Liu and Jiang, 2002). 
Nitric acid (Trace analysis grade, Fisher Scientific, UK) was used to stabilise trace 
elements during the collection of samples and in the preparation of the calibration 
standards for total vanadium measurements. Hydrochloric acid (Trace element 
grade, Fisher Scientific, UK) was used to control the pH level when studying the 
effect of pH on the retention of vanadium using solid phase extraction (SPE).  
 
Figure 3.6: Enhancement of 250 g/l vanadium 51V [2] counts per seconds without 
helium reaction collision system [2] and internal standard (45Sc) 
corrections - and with helium collision reaction cell [1] and 51V [1] / 
45Sc [1] corrections with the increase in percentage concentrations of 
(a) HCl and (b) HNO3. 
Figure 3.6a, b shows that both acids enhanced the vanadium signals when 
the collision reaction cell (51V [1]) was not applied, due to the formation of the 
polyatomic interferences 35Cl16O and 37Cl14N. To correct for the enhancement of 
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the vanadium signal, the ratio of the collision reaction (51V [1]) over the internal 
standard (45Sc [1]) and the helium mode reaction collision cell were applied. The 
effect of using this correction (51V [1]/ 45Sc [1]) on the stability of the 51V signal as 
a function of acid concentration is shown in Figure 3.6. 
3.1.3 pH effect 
Understanding the behaviour of vanadium species in different water 
samples requires the measurement of the pH and redox potential levels at the time 
of sampling (Wang and Sañudo Wilhelmy, 2009; Wang and Sañudo-Wilhelmy, 
2008; Bosque-Sendra et al., 1998; Wehrli and Stumm, 1989). Furthermore, the pH 
level is important to evaluate the retention and elution of the vanadium species 
from the solid phase extraction cartridge and the HPLC column (Kilibarda et al., 
2013; Gamage et al., 2010; Fan et al., 2005; Minelli et al., 2000).  
A vanadium standard of 500 g/l was prepared in 1 % HNO3 and the 
resulting pH = 0.8 was adjusted using NH4OH to produce solutions with a final pH 
of 3, 7 and 9. Figure 3.7 shows that changing the pH levels of a total vanadium 
(500 g/l) solution has no effect on the total concentration over the pH range of 3 
and 7 when the vanadium signal is corrected using the ratio of collision reaction 
(51V [1]) over the internal standard (45Sc [1]). However, adding a very large amount 
of ammonium hydroxide (pH = 9) enhances the 51V signal, even when the 
correction ratio was applied. Most of the collected water samples were acidified 
with nitric acid or were in the pH range of 7.5 – 8 at the time of collection. The 
determination of total vanadium in all the water samples is therefore within a pH 
range where there is no effect on the ICP-MS signal. In addition, the mobile phase 
and the eluent pH levels do not exceed a level of pH 8. 
Chapter 3: Vanadium Speciation of Water  
125 
 
Figure 3.7: The effect of changing pH on vanadium 51V signal (500 g/l) using 
ICP-MS with internal standard correction and the use of the reaction 
collision system. 
3.1.4 Validation 
The determination of total vanadium levels in all samples using the Agilent 
7700x ICP-MS instrument was validated using two certified water materials, 
namely NIST SRM 1640a (National Institute of Standards and Technology, USA) 
and CRM TMDA-54.4 (National Water Research Institute, Canada) (section 
3.1.4.1). In addition, a series of spike recovery experiments are reported in section 
3.1.4.2. 
3.1.4.1 Accuracy and precision 
The level of accuracy for the determination of total vanadium was 
investigated by running the two water certified reference materials NIST SRM 
1640a (National Institute of Standards and Technology, USA) and TMDA-54.4 
(National Water Research Institute, Canada) periodically at the beginning of each 
run (n = 23). The level of accuracy was evaluated by a Student’s t-test (Appendix 
C). A very high level of accuracy (Table 3.2) was found with good agreement 
between the measured mean and certified levels for total vanadium in both 
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reference materials (NIST SRM1640a and CRM TMDA-54.4). The measured 
values for a calculated tcal value = 0.858 and 0.678, respectively, were less than 
the critical tcrit value = 2.75 at 22 degrees of freedom, with a probability P = 0.01. 
The level of precision for the total vanadium analysis was evaluated by calculating 
the percentage relative standard deviation (RSD %) of a multiple run (n = 5) for 
both certified reference materials (NIST SRM1640a and CRM TMDA-54.4) on the 
same day (repeatability), and the % RSD of the runs over different days 
(reproducibility) for n = 23.   
Table 3.2: Statistical comparison (Paired t-test) of measured and certified 
vanadium total concentrations for NIST SRM 1640a and CRM TMDA 
54.4 as an estimate of accuracy and precision. 
 
Certified 
reference material 
 
Mean value (g/l) 
 
Certified 
value 
(g/l) 
 
 
tcalc 
 
tcrit = 2.75 
(P = 0.01) 
n = 5 
 
RSD (%) 
 
(n = 23)a (n = 5)b b n = 5 c n = 23 
NIST SRM 1640 a 15.14 ± 0.52 14.74 ± 0.10 15.05 ± 0.3 0.858 0.7 2.9 
CRM TMDA-54.4 358.50 ± 10.41 356.79 ± 2.28 349 ± 24 0.678 0.7 3.4 
a mean ± standard deviation; b repeatability; c reproducibility 
Excellent levels of precision (Table 3.2) were found with CRMs repeated on 
the same day (RSD = 0.7 %) for both of the water CRMs which indicate very high 
levels of repeatability. Moreover, very high levels of reproducibility (RSD = 2.9 and 
3.4 %, NIST SRM 1640a and CRM TMDA 54.4, respectively) were found with the 
measurements of the CRMs on different days. 
3.1.4.2 Spike recovery 
Vanadium levels in water samples collected for this study vary from < LOD 
to 3000 g/l (Chapter 4). To validate the accuracy of vanadium measurements 
and estimate the effect of matrix interferences, four spike recovery sets (10, 50, 
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100, 250 and 500 g/l V) were conducted using different concentrations of 
University of Surrey lake water, which has low vanadium levels (0.38 g/l VT), and 
water samples from Argentina that have high vanadium levels (1548.21 g/l VT).  
Very high levels of accuracy were observed with the percentage recovery 
of vanadium spiked in lake water (98.5 - 103.7 %) as can be seen in Table 3.3. 
Moreover, there is a high degree of agreement (97.5 – 98.6%) between the 
theoretical and measured (100, 250 and 500 g/l VT) vanadium spiked in Argentine 
water samples, as is presented in Table 3.4. 
 Table 3.3: Percentage spike recovery and percentage relative deviation (%RSD) 
of vanadium in the University of Surrey Lake Water. 
 
[VT] g/l  
 
 
% Recovery  
 
RSD (%) 
10.00 98.5 2.6 
50.00 100.6 1.2 
100.00 103.0 1.5 
250.00 103.8 1.1 
500.00 103.7 0.8 
Table 3.4: Percentage spike recovery and percentage relative deviation (%RSD) 
in Argentine Water Sample. 
 
[V] g/l 
 
 
% Recovery 
 
% RSD 
100.00 98.3 0.2 
250.00 97.5 0.2 
500.00 98.6 1.7 
The effect of sodium in vanadium measurements using Agilent 7700x was 
also investigated. Different levels of sodium (100, 500 and 1000 g/l Na) were 
spiked into 100 g/l vanadium standards. Very good levels of accuracy (Table 3.5) 
were found (% Recovery = 94.0 % to 95.0 %). Moreover, Argentine water types 
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were reported as Na-HClO3, and Na-Ca-HCO3-SO4-Cl (Nicolli et al., 2012a).  For 
this reason, a high level of sodium (500 mg/l Na) was spiked into 250 g/l V to 
study the accuracy of vanadium measurements. Very high levels of accuracy were 
observed, with 103.0 % recovery. 
Table 3.5: Percentage spike recovery and percentage relative deviation (%RSD) 
in 100 g/l vanadium standard. 
 
Sample Name 
 
 
% Recovery 
 
% RSD 
100 g/l V + 250 g/l Na 95.0 0.9 
100 g/l V + 500 g/l Na 95.0 1.1 
100 g/l V + 1000 g/l Na 94.0 1.2 
250 g/l V + 500 mg/l Na 103.0 0.8 
3.1.4.3 Summary of total vanadium (VT) analysis  
Total Vanadium (VT) measurements using Agilent 7700x ICP-MS were 
optimised. The measurements need to be undertaken using the helium collision 
reaction system (CRS) mode with 100 g/l scandium (45Sc) as an internal standard 
to remove any interferences or signal drift. The typical operating parameters for 
analysing total vanadium using Agilent 7700x ICP-MS are summarised in Chapter 
2, section 2.3.2. 
3.2 Solid Phase Extraction  
The next sections will outline a review of the SPE methods relevant to 
vanadium in water (section 3.2.1). The calibration and LOD will then be discussed 
in sections 3.2.2 and 3.2.3. The development of the vanadium speciation using a 
solid phase extraction method with Agilent 7700x ICP-MS (Agilent Technology, 
UK)  as a detector for vanadium species after separation will be detailed in section 
3.2.2.3. The validation will be outlined in section 3.2.3. This is a novel method 
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developed for and applied to vanadium speciation analysis of water samples from 
Argentina (section 3.4).  
3.2.1 Solid phase extraction relevant to vanadium in water 
In natural water of pH levels ~5 to 8, vanadium has been reported to exist 
as vanadyl (VIV) and vanadate (VV) species (Imtiaz et al., 2015; Aureli et al., 2008). 
Moreover, vanadium species in oxic water were found to be phosphate-like anions 
in the forms of H2VO4- and HVO42- (Wehrli and Stumm, 1989). On the other hand, 
in reducing water, vanadyl was found to exist as oxocations (VO2+) and different 
hydrolysis products (Aureli et al., 2008; Wehrli and Stumm, 1989). Co-existence of 
both VIV and VV species depends on the pH, redox potential and the ionic strength 
of the water system (Imtiaz et al., 2015; Aureli et al., 2008; Wehrli and Stumm, 
1989). The determination of vanadium in water requires pre-concentration and 
separation treatments, such as solvent extraction (Lozano and Juan, 2001; 
Shimizu et al., 2001), co-precipitation (Nakano et al., 1990) and ion exchange 
(Wang and Sañudo Wilhelmy, 2009; Wang and Sañudo-Wilhelmy, 2008; Banerjee 
et al., 2003; Abbasse et al., 2002; Nukatsuka et al., 2002; Okamura et al., 2001; 
Minelli et al., 2000). In contrast to the above separation methods, solid phase 
extraction is simple to handle, has a greater level of efficiency, and a higher 
enrichment factor, which enables the differentiation between vanadium species 
(Veschetti et al., 2007; Pyrzyńska, 2006; Pyrzyńska and Wierzbicki, 2004b; Soldi 
et al., 1996).  
Different types of vanadium pre-concentration and speciation methods 
using packed micro columns have been reported. Two different approaches were 
used to determine the vanadium species: (i) determination of either VIV or VV while 
the other species are complexed or determined by the difference between the 
measured and the total vanadium concentration (Fan et al., 2005; Pyrzyńska and 
Wierzbicki, 2005; Pyrzyńska and Wierzbicki, 2004b; Nukatsuka et al., 2002; Minelli 
et al., 2000; Wuilloud et al., 2000; Bosque-Sendra et al., 1998); (ii) both vanadium 
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species are eluted sequentially (Wang and Sañudo-Wilhelmy, 2008; Fan et al., 
2005; Filik et al., 2004; Pyrzyńska and Wierzbicki, 2004b; Banerjee et al., 2003; 
Soldi et al., 1996), and (iii) the use of two different columns to selectively adsorb 
and pre-concentrate each species (Okamura et al., 2001; Hirayama et al., 1992). 
As part of vanadium speciation using solid phase extraction, either anion exchange 
resins or chelating groups coated on to chelating resins have been used to trap or 
pre-concentrate the vanadium species. For example, Nukatsuka et al. (2002) 
studied the stability of vanadium species in seawater by using Chromazurol B and 
N-cinnamoyl-N-2,3-xylylhydroxylamine to complex with VIV and VV, respectively, 
which were pre-concentrated in an anion exchange. Moreover, complexation of 
vanadium species in seawater with dithizone, luminol, or 8-hydroxyquinoline 
agents, then sorbet into carbon-18 (C-18) and eluted with nitric acid was reported 
by Abbasse et al. (2002). In addition, vanadium species in lake water were 
complexed with methylene blue (MB) and trapped on ion exchange resins at pH 3 
and eluted with sodium hydroxide (Zhao et al., 2006). Moreover, both VIV and VV 
were separated from natural water using a trapping resin of polystyrene-
divinylbenzene that contains imidazole 4,5-dicarboxylic acid at pH 3 and the elution 
of VIV and VV with malonic acid and sodium hydroxide, respectively (Banerjee et 
al., 2003). Recently, different types of ion exchange, functionalised cellulose 
sorbents, and chelating resins have been published. For example, both VIV and VV 
can be trapped and pre-concentrated in (i) resins of phosphonic acid exchange 
groups (Cellex P) (Pyrzyńska and Wierzbicki, 2004b); (ii) the chelating agent of an 
aminopropylsilica gel, modified with Tetrakis (4-carboxyphenyl) porphyrin (TCPP) 
(Pyrzyńska and Wierzbicki, 2005); (iii) apalmitoyl quinolin-8-ol bonded amberlite 
XAD-2 copolymer resins (Filik et al., 2004); and (iv) immobilized 
thenoyltrifluoroacetone (TTA) on microcrystalline naphthalene (Fan et al., 2005). 
The most stable species of vanadium in water are vanadyl (VIV) and 
vanadate (VV) as anions in the forms of H2VO – and HVO2-, respectively (Imtiaz et 
al., 2015; Aureli et al., 2008). Both species can form negatively charged complexes 
Chapter 3: Vanadium Speciation of Water  
131 
with EDTA. For this reason, strong anion exchange cartridges were used to 
separate both vanadyl (VIV) and vanadate (VV) from standard solutions which have 
both species. In this study, an Agilent 500 mg Bond Elut Jr. strong anion exchange 
cartridge (Agilent Technologies, Cheshire, UK) pre-conditioned with 0.2 M Na2EDTA 
to trap and form complexes with VIV and VV was used to develop a field-based 
solid phase extraction method for the speciation analysis of vanadium in waters.  
This method is a modification of that reported by Minelli et al. (2000) for the 
speciation of VIV and VV using GFAAS for detection and eluting only VIV from the 
SPE cartridge. Moreover, VV was calculated from subtracting the VIV from the total 
vanadium. However, in this study, different eluents were used (section 3.2.1.3), 
both of the species were eluted (section 3.2.1.4) and vanadium levels were 
detected using ICP-MS (section 3.2.2.3). Moreover, an intra-laboratory 
comparison using HPLC was implemented to validate the method (section 3.2.3.1). 
3.2.1.1 Conditioning 
In natural water, vanadium species can be found as cationic or anionic 
species (Wright et al., 2014; Kilibarda et al., 2013). However, both species were 
reported at pH > 3 – 9 to form very stable complexes with EDTA (Figure 3.8) in 
the forms of [VOY]2- with vanadyl (logKIV = 18.8)  while [VO2Y]3- with vanadate 
(logKV =15.5 ) in which Y is C10H14O8N2 (Chen et al., 2007). For this reason, EDTA 
was used in the conditioning stage as all collected water samples were at pH levels 
close to neutral, which indicated the presence of anionic forms of the vanadium 
species (Chapter 4). 
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Figure 3.8: Vanadium - EDTA complex structures (a) vanadyl - EDTA, (b) 
vanadate EDTA where C10H14O8N2 is Y (Kilibarda et al., 2013). 
3.2.1.2 Loaded volume 
Initially, the pre-conditioned SAX - SPE cartridge was evaluated for the 
ability to retain vanadium standards prepared in DDW. Stock solutions of 1000 
mg/l VIV were prepared using VIV oxide sulphate hydrate (VOSO4.n H2O) salt (≥ 
99.9% Trace metal basis, Sigma Aldrich, UK) in DDW and in 5 mM Na2EDTA 
(Fluka®, 0.2 M EDTA-Na2, Sigma Aldrich, UK). While 1000 mg/l VV stock solutions 
were prepared from sodium metavanadate NaVO3 (≥ 99.9% Trace metal basis, 
Sigma Aldrich, UK) in DDW and in 5 mM Na2EDTA (Fluka®, 0.2 M EDTA-Na2, 
Sigma Aldrich, UK). Table 3.6 shows the results of the measurements of the non-
retained fractions after loading 10 ml of VIV and VV onto the pre-conditioned SAX-
SPE cartridges. The vanadium levels in the non-retained fractions were all below 
the limit of detection of the vanadium species (< 0.2 g/l V), which shows the ability 
of the cartridge to adsorb both chemical forms. In addition, the amount of sample 
loaded on to the pre-conditioned SAX-SPE cartridge was tested by loading 
different volumes and concentrations of the two vanadium species. Then the non-
retained fraction was analysed using ICP-MS. The different volumes (10 – 30 ml) 
of VIV, VV and VIV + V (each of 500 g/l) were prepared in 5 mM Na2EDTA (to ensure 
the stability of the species) and were loaded on to the pre-conditioned SAX-SPE 
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cartridges, and the non-retained fraction eluted from the cartridge was analysed 
by ICP-MS. 
Table 3.6: Vanadyl (VIV) and vanadate (VV) levels in the non-retained (NR) SAX-
SPE fraction as determined by ICP-MS. 
 
Species 
 
[V] g/l 
 
 
NR [V] g/l 
 
VIV 131.5 < 0.2 
VIV 131.5 < 0.2 
VV 226.1 < 0.2 
VV 226.1 < 0.2 
VV 247.2 < 0.2 
VV 247.2 < 0.2 
Figure 3.9 shows that with all vanadium species, loading the SPE-cartridge with 
10 ml of each standard was the best volume to avoid any loss of vanadium species 
during sample collection. In addition, increasing the volume can lead to 
overloading the SPE-cartridge with the species. This can cause non-retention of 
the vanadium species.  
 
Figure 3.9: Non-retained vanadium (500 g/l of VIV, VV and VIV+V) signals (51V [1] 
/ 45Sc [1]) with increasing loaded volumes (10 – 30 ml) onto the pre-
conditioned solid phase extraction cartridges (SPE). 
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3.2.1.3 Eluent selection 
Vanadium speciation using a SAX-SPE separation method and subsequent 
vanadium detection by graphite furnace atomic emission spectrometry was 
developed by Minelli et al. (2000). However, this method was only able to elute the 
VIV species. As such, the VV species was calculated by subtracting VIV from VT. In 
this study, both vanadium species were separated (Figure 3.12) using two 
different eluents. The levels of vanadium were determined using ICP-MS. 
Vanadyl (VIV) was eluted using an aqueous solution (eluent 1) of 4% 
methanol, 5 mM disodium ethylenediaminetetraacetic acid (Na2EDTA) (Fluka®, 0.2 
M EDTA-Na2, Sigma Aldrich, UK) and 2 mM tetrabutylammonium hydroxide 
(TBA+OH-) (40% in water, Sigma Aldrich, UK). The TBA+ is a strong ion pairing 
agent that can interact with [VOY]2- (pKa = 3.22) at low pH which leads to less 
retention in the SPE surface (Kilibarda et al., 2013; Minelli et al., 2000). In addition, 
the presence of 5 mM EDTA (pKa1 = 1.99, pKa2 = 2.67, pKa3 = 6.16, pKa4 = 10.26.) 
in eluent 1 can work as a displacing agent at low pHs to elute VIV (Kilibarda et al., 
2013; Sasaki et al., 1985). Table 3.7 shows VIV standards prepared in DDW and 
5 mM EDTA, which was eluted with eluent 1 of pH 3 or 4. It was found that the 
vanadium signal in the fractions with pH 4 was higher than the fraction with pH 3. 
In this study eluent 1 was controlled at pH 4 to elute VIV from the SAX-SPE 
cartridges. 
Table 3.7: pH level determination for vanadyl (VIV) eluent by comparing 51V/45Sc 
signals of VIV standards which were prepared in DDW or 5 mM EDTA 
and eluted with eluent 1 of pH 3 or pH 4.  
VIV - solvent 
[V] g/l 
 
51 V/ 45 Sc 
pH 3 pH 4 
DDW 
149.4 2.92 5.15 
131.5 1.55 5.49 
EDTA 
151.8 10.22 15.65 
154.9 10.54 15.67 
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The volume of eluent 1 that is required to elute 10 ml of 500 g/l VIV from 
the SPE cartridge was investigated. A volume of 10 ml of the prepared VIV standard 
was pushed through five different SPE cartridges. Different volumes of eluent 1 
(3.5 – 15 ml) at pH 4 were then used for elution (Figure 3.10a). A 100% recovery 
of VIV was achieved by using 10 – 15 ml of eluent 1. 
 
 
Figure 3.10: The % recovery of (a) VIV and (b) VV using different volumes of eluent 
1 and eluent 2 to elute vanadium species from the SPE after loading 
them with 10 ml of 500 g/l VIV or VV.  
 
Vanadate (VV) was eluted using an aqueous solution prepared from 
ammonium dihydrogen phosphate (NH4H2PO4) at pH 8. Phosphate ions with pKa1 
= 2.12, pKa2 = 7.21 and pKa3 = 12.32 can act as a displacing agent of VV [VO2Y]3− 
with pKa2 = 3.6 (Kilibarda et al., 2013; Ringbom et al., 1957). At pH 8, phosphate 
ions are converted to – 2 charged anions that can displace VV - EDTA complex.  
Different volumes (3.5 -15 ml) of NH4H2PO4 were used to elute 10 ml of 500 g/l 
VV pushed into different SPE cartridges (Figure 3.10b).  
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Figure 3.11: The % recovery of 500 g/l VV eluted with different levels (mM) of 
eleuent 2 (NH4H2PO4) at pH 8. 
A 100% recovery was achieved when 15 ml of NH4H2PO4 was used for 
elution. In addition, different concentrations of NH4H2PO4 were used to find the 
optimum concentration to elute all the vanadate (VV) from the SPE cartridge. This 
was revealed by loading 10 ml of 500 g/l VV into 5 different SPE cartridges. 15 ml 
of different levels (30 – 80 mM) of NH4H2PO4 were then used to elute VV out of the 
SPE cartridges (Figure 3.11). 100 % recovery was achieved when 80 mM 
NH4H2PO4 was used as an eluent. 
3.2.1.4 Vanadium SPE methodology 
A field-based vanadium speciation method was carried out using Agilent 500 
mg Bond Elut Jr. strong anion exchange solid phase extraction (SAX-SPE) 
cartridges (Agilent Technologies, Cheshire, UK). Figure 3.12 shows a schematic 
diagram of the three fundamental steps of the SPE methodology, which are 
conditioning, loading and elution. The cartridges (SAX-SPE) were conditioned prior to 
sample collection to induce successful interactions between the species and the 
packing of the solid phase cartridge. This was done by using 2 ml of 99.9% methanol 
 (Trace element grade, Fisher Scientific, UK), 2 ml of DDW (18.2 MΩ .cm), 10 ml of 
0.2 M Na2EDTA (Fluka, Sigma Aldrich, UK) and 20 ml DDW (18.2 MΩ .cm). After 
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each step, the solution was eluted completely by applying a syringe full of air, expect 
the final step where 1 - 2 ml of DDW was left to keep the cartridge moist until the 
sampling could take place. The conditioning steps were done following Minelli et al. 
(2000); however, development in the elution and analysis steps were implemented in 
this study. The storage fluid of DDW was removed from the pre-conditioned SAX-
SPE cartridge before the loading of the sample by passing air through a 20 ml 
syringe (BD Plastipak™, Oxford, UK). In addition, the cartridge was connected to 
a 0.45 µm filter (Millex® - GP, Millipore, Hertfordshire, UK). Then, a known volume 
of water sample (10 ml) was loaded through a fully labelled SPE kit using a clean/ 
rinsed disposable 20 ml syringe (BD Plastipak™, Oxford, UK). The effluent was 
collected in 15 ml polypropylene centrifuge tubes (Sarstedt, Leicester, UK). The 
SAX cartridge retains both VIV and VIV species. After passing all of the total sample 
volume through the SAX cartridge, a syringe full of air was pushed through to 
remove all the water remaining in the cartridge. The SPE kits were then packed 
for transportation to the University of Surrey. 
 
Figure 3.12: Schematic diagram showing the three main steps of the developed 
SPE methodology for vanadium speciation in water. 
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A few steps were completed during the elution process to recover the VIV 
and VV species from the SAX cartridge:  
(i) vanadyl (VIV) was eluted using 15 ml of eluent 1 (4 % methanol, 5 mM 
disodium ethylenediaminetetraacetic acid (Na2EDTA) and 2 mM 
tetrabutylammonium hydroxide (TBA+OH-) (40% in water, Sigma 
Aldrich, UK) at pH 4) was pushed through the cartridge, and the effluent 
was collected into 15 ml polypropylene tubes (Sarstedt, Leicester, UK); 
 
(ii) vanadate (VV) was eluted by pushing 15 ml of eluent 2 (80 mM 
dihydrogen phosphate (NH4H2PO4) with pH 8) and collected into 15 ml 
polypropylene tubes;  
(iii) in order to achieve a maximum recovery of each species, air was passed 
through the cartridge following each solvent; and  
 
(iv) both vanadium fractions were then ready for analysis by ICP-MS. 
3.2.2 Fundamental experiments for VIV and VV using solid phase 
extraction- inductively coupled plasma (SPE-ICP-MS) 
Different fundamental experiments were established to investigate the 
calibration curves of both vanadyl (VIV) and vanadate (VV) analysed by ICP-MS 
and their limit of detection (LOD) (sections 3.2.2.1and 3.2.2.2). In addition, 
laboratory results for the laboratory application of vanadium species are detailed 
in section 3.2.2.3. Moreover, the validation of the developed SPE method for 
vanadium speciation was investigated using an inter-laboratory comparison 
method with HPLC-ICP-MS, quantified vanadium in Japanese mineral water and 
the water certified reference material (sections 3.2.2.3). 
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3.2.2.1 Calibration  
Vanadyl (VIV) and vanadate (VV) levels were measured using ICP-MS after 
solid phase extraction (SPE). Total vanadium stock solutions (10 mg/l) were 
prepared from a 1000 mg/l vanadium standard (High purity standards, British 
Greyhound, UK) into eluent 1 and eluent 2. Then two sets of standards over the 
range (0 – 1500 g/l V) were prepared in each eluent. The calibration curves of 
each set are presented in Figure 3.13, in which (a) is the calibration curve of 
51V/45Sc against 51V standards concentration prepared in eluent 1 for the 
determination of VIV, while (b) shows the standards which were prepared into 
eluent 2 to calculate the concentrations of VV. The two water certified reference 
materials (NIST SRM 1640a and CRM TMDA-54.4) were run along with each 
sample set for every run in ICP-MS. 
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Figure 3.13: Vanadium (V) calibration curves of two sets of standards (a) Total 
vanadium prepared in eluent 1 for VIV concentration calculation and 
(b) Total vanadium prepared in eluent 2 for VV concentration 
calculation.  
3.2.2.2 Limit of detection (LOD) 
The limits of detection of VIV and VV were determined from the replicate 
analysis (n = 20) of blank signals (eluent1 and eluent 2, respectively). The limit of 
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detection of both species using SPE-ICP-MS was 0.1 g/l (calculated using Eq. 
2.2 in section 2.4.5). 
3.2.2.3 VIV and VV speciation using SPE-ICP-MS 
The developed vanadium speciation method using the SAX-SPE method 
was evaluated by preparing a set of standards (Table 3.8) from the stock solutions 
of 1000 mg/l VIV and 1000 mg/l VV prepared in section 3.2.1.2. Each standard was 
prepared in 5 mM Na2EDTA (to avoid any change in the species) and loaded 
immediately onto the pre-conditioned cartridge following the same steps as shown 
in Figure 3.12. After eluting each fraction, the solutions were analysed using ICP-
MS. The fractions were then multiplied by the dilution factor. The percentage 
recovery of the total vanadium was calculated. The calculated percentage 
recoveries were found to be between 94.5 % and 100.5 %, as can be seen in Table 
3.8. 
Table 3.8: Percentage recovery of VIV+V standards prepared in Na2EDTA and 
separated using SAX-SPE method. 
Standard [VT] g/l 
SAX-SPE fractions 
 
% Recovery 
 
 
VIV 
 
VV 
 
VIV+V 
8520.02 4243.0 3791.9 94.5 
1639.86 738.6 905.3 100.2 
853.42 398.2 465.4 101.1 
430.78 190.5 240.7 100.1 
171.11 80.2 91.8 100.5 
81.52 37.6 44.0 100.1 
The pH is an important factor to study when investigating the stability and 
speciation of vanadium. According to the Eh/ SHE-pH diagram (Figure 3.14) of 
vanadium species in water (Wehrli and Stumm, 1989), VV is an anionic species at 
pH level ≥ 4 – 8. In contrast, at low pHs, VV exists as a relatively stable dioxo-VV 
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ion (VO2+) (Pyrzyńska and Wierzbicki, 2004b; de Beer and Coetzee, 1994). In 
addition, VIV is stable only at very low pH levels (≤ 2), while it can be oxidised 
completely to VV at pH 5.5 - 6 (Coetzee, 2007; Bailar et al., 1973).  
Vanadium speciation in water is a challenge, especially due to the possible 
changes of the species by the change in pH or redox potential. To prevent 
conversion of VIV into VV due to the loss of carbon dioxide or the exposure to the 
atmospheric oxygen, SAX-SPE cartridges were conditioned with EDTA. The 
stability of the vanadium species was studied by investigating the difference in the 
preparation of the vanadium species in DDW and in 5 mM EDTA. Moreover, the 
stability of the species was done by studying the effect of pH change on the 
vanadium species prepared in DDW and 5 mM EDTA. A standard of 400 g/l VIV 
was prepared in DDW. The pH was then changed to a range of 3 - 8. After each 
time the pH was controlled, 10 ml of each pH solution was loaded into the pre-
conditioned SAX-SPE cartridge. 
 
Figure 3.14: Vanadium speciation diagram in water (modified from (Aureli et al., 
2008; Wehrli and Stumm, 1989)). 
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Then the vanadium species were eluted following the procedures in Figure 
3.12, and each fraction was analysed using ICP-MS. Figure 3.15 shows the 
complete conversion of the VIV into VV at between pH 5 and 6, which is in 
agreement with reported data (Macháčková and Žemberyová, 2009; Minelli et al., 
2000).  
 
 
Figure 3.15: Solid phase extraction speciation of 400 g/l VIV prepared in DDW at 
different pH levels. 
 
The same experiment above was done with 400 g/l VIV and 250 g/l VV 
prepared individually in 5 mM EDTA with controlled pH in a range of 3 – 8 (Figure 
3.16). The stability of VIV and VV prepared in 5 mM Na2EDTA was observed with 
an increase in pH (Table 3.13). This confirms the stability of the species in the 
developed SAX-SPE during the important research stages of sampling to analysis.  
3 4 5 6 7 8
0
100
200
300
400
500
pH
5
1
V
 [
1
] 
VIV VV
Chapter 3: Vanadium Speciation of Water  
143 
 
Figure 3.16: Vanadium [V] levels in the eluted fractions of the solid phase 
extraction speciation of 400 g/l VIV and 250 VV prepared in 5 mM 
EDTA at different pH levels. 
3.2.3 Validation  
A certified reference material for vanadium species in water was not found. 
In this section (3.2.3), the validation of the vanadium SAX-SPE method was done 
by intra-laboratory comparison of the percentage recovery of both methods using 
high performance liquid chromatography with ultra-violet detection (HPLC-UV) and 
SPE-ICP-MS (section 3.2.3.1). In addition, samples of Japanese mineral drinking 
water with labelled vanadium levels were tested for the method validation (section 
3.2.3.2). Moreover, the water certified reference material TMDA-54.4 (pH = 1.83) 
was also tested to study the limitation of applying the developed method in acidic 
solutions with pH levels < 3 (section 3.2.3.3). 
3.2.3.1 Intra –laboratory comparison with HPLC 
Different vanadium standards (500 – 2000 g/l VIV+V) were prepared in 5 
mM EDTA and loaded onto pre-conditioned SAX-SPE cartridges. Then the total 
and the eluted fractions were analysed by both HPLC and ICP-MS. The vanadium 
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speciation using SAX-SPE was evaluated by injecting the total vanadium 
standards (1000 g/l VIV+V) onto the anion exchange column of HPLC (Figure 
3.17). 
 
Figure 3.17: HPLC chromatogram of 1000 g/l VIV + V with VIV peak at a retention 
time (tR) of 9.8 minutes and VV peak at tR = 17.1 minutes using the 
conditions in section 2.5.2. 
The HPLC chromatogram shows the presence of both vanadium species; the 
vanadyl (VIV) peak at a retention time (tR) of 9.8 minutes and vanadate (VV) peak 
at tR = 17.1 minutes. The peak at tR = 5.3 minutes is for the blank (5 mM Na2EDTA). 
Moreover, after eluting vanadyl (VIV) from the SAX-SPE cartridge using eluent 1, 
the eluted fraction was analysed by HPLC as can be seen in the chromatogram of 
Figure 3.18. Only one peak appeared in this chromatogram at tR = 9.8 minutes, 
which indicates that only VIV eluted from the SAX-SPE cartridge using eluent 1 at 
pH 4. In addition, vanadate (VV) was eluted from SAX-SPE cartridge using eluent 
2. The eluted fraction was run through HPLC as can be seen in the chromatogram 
of Figure 3.19. The VV peak appeared at tR = 17.0 minutes and no other peaks 
were observed after the Na2EDTA peak. This confirms the elution of VV only from 
the SAX-SPE cartridge.  
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Figure 3.18: HPLC chromatogram of VIV fraction eluted from SAX-SPE cartridge 
of 1000 g/l VIV + V with Eluent 1. VIV peak at a retention time tR = 9.8 
minutes. 
 
Figure 3.19: HPLC chromatogram of VV fraction eluted from SAX-SPE cartridge 
of 1000 g/l VIV + V with eluent 2. VV peak at a retention time tR = 17.04 
minutes. 
The above experiment was repeated with different concentrations of VIV, VV 
and VIV+V, and vanadium concentrations of the total and eluted fractions were 
analysed using both HPLC and ICP-MS as shown in Table 3.9. The percentage 
recoveries of fractions from HPLC were calculated using Eq. 3.1.  
𝐇𝐏𝐋𝐂 % 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲
=  
𝐕𝐩𝐞𝐚𝐤 𝐚𝐫𝐞𝐚 𝐢𝐧 𝐭𝐡𝐞 𝐒𝐀𝐗 − 𝐒𝐏𝐄 𝐜𝐡𝐫𝐨𝐦𝐚𝐭𝐨𝐠𝐫𝐚𝐦  𝐗 𝐃𝐅
𝐕𝐩𝐞𝐚𝐤 𝐚𝐫𝐞𝐚 𝐢𝐧  𝐭𝐡𝐞  𝐕𝐓 𝐜𝐡𝐫𝐨𝐦𝐚𝐭𝐨𝐠𝐫𝐚𝐦 
 𝐱 𝟏𝟎𝟎%      𝐄𝐪. 𝟑. 𝟏  
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High levels of vanadium were used > 250 g/l V in this experiment as the 
HPLC instrument has a higher limit of detection (100 g/l). If the concentration is 
less than this level the peak of a vanadium species will not appear in the HPLC 
chromatogram. The percentage recovery of the vanadium fractions eluted from the 
SAX-SPE cartridge and measured by ICP-MS were calculated using Eq. 3.2.  
𝐒𝐀𝐗 − 𝐒𝐏𝐄 − 𝐈𝐂𝐏 − 𝐌𝐒% 𝐑𝐞𝐜𝐨𝐯𝐞𝐫𝐲
=   
𝐒𝐮𝐦 𝐨𝐟 𝐚𝐥𝐥 [𝐕 ] 𝐨𝐟 𝐒𝐏𝐄 𝐟𝐫𝐚𝐜𝐭𝐢𝐨𝐧𝐬
[𝐓𝐨𝐭𝐚𝐥 𝐯𝐚𝐧𝐚𝐝𝐢𝐮𝐦]
 𝐱 𝟏𝟎𝟎          𝐄𝐪. 𝟑. 𝟐 
Table 3.9 shows that the percentage recovery of the vanadium using SPE- 
HPLC (95.5 – 101.2 %) is in very close agreement with the percentage recovery 
calculated using SPE-ICP-MS (94.5 – 101.2 %). 
Table 3.9: Percentage recovery of VIV and VV using SAX- SPE for separation and 
HPLC and ICP-MS for detection. 
 
Standards 
 
[V] g/l 
 
HPLC - % Recovery 
 
ICP-MS- % Recovery 
 
VIV+V 
8864.4 98.1 94.5 
1720.6 99.6 100.2 
895.8 97.7 101.1 
VIV 
5120.7 98.4 96.2 
500.0 97.0 98.6 
VV 
5120.7 95.5 101.2 
1044.0 98.9 98.6 
532.6 100.4 98.2 
3.2.3.2 Japanese mineral water samples 
Validation of the vanadium SAX-SPE method was implemented using three 
bottles of Japanese drinking water. Vanadium levels were provided on the label of 
ASAH1 and KIRIN Natural Mineral water, which were 62 and 91 g/l V, 
respectively. However, the instrument used for the analysis of vanadium in these 
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bottles were not identified on the label. The results of vanadium speciation of the 
Japanese bottled mineral water using SPE-ICP-MS are presented in Table 3.10. 
It was found that the predominant species was VV over a range of 3.21 – 80.90 g/l 
V. However, VIV was also found in these water samples over the range of 2.11 – 
5.25 g/l. The percentage recovery of the vanadium species compared to the total 
vanadium was found to be over the range of 99.4 -110.6 %. 
Table 3.10: Vanadium speciation (VIV and VV) of Japanese bottled mineral water 
using SPE-ICP-MS.  
 
Commercial Name 
 
 
[VT] g/l 
 
[VIV] g/l 
 
[VV] g/l 
 
% Recovery 
 
ASAH 1 59.75 3.1 56.4 99.7 
ASAH 1 59.34 3.9 55.1 99.4 
Japan Natural Mineral Water 4.82 2.1 3.2 110.6 
KIRIN Natural Mineral water 86.11 5.3 80.9 100.0 
3.2.3.3 Certified reference material (CRM TMDA-54.4) 
The developed method for the vanadium speciation of water using strong 
anion exchange solid phase extraction and inductively coupled plasma mass 
spectrometry detection was applied to the certified water reference material 
TMDA-54.4 (National Water Research Institute, Canada). The pH of the water 
CRM TMDA-54.4 was 1.83, which is not within the normal pH range of the surface 
or groundwater. However, this was done to confirm the applicability of the method 
for water samples of pH 5 to 8, and not acidic samples. This is because VIV species 
at low pHs (< 3) are very stable cationic species (Coetzee, 2007), so this method 
cannot be used. The results of this application are shown in Table 3.11. The results 
showed that most of the vanadium species for the CRM TMDA-54.4 were non-
retained (NR) in the SAX-SPE which could be due to the fact that VO2+ is very 
stable at notably low pHs < 3 that affect the formation of V-EDTA complex (Aureli 
et al., 2008; Taylor and van Staden, 1994; Sasaki et al., 1985). The percentage 
recovery of the total vanadium species was 93.5 to 96.9 % for all the collected 
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fractions. Due to the fact that both available water CRMs are acidic, an intra-
laboratory comparison using anion exchange column-HPLC was applied to 
validate the SAX-SPE method (section 3.2.3.1). 
Table 3.11: Solid phase extraction – inductively coupled plasma mass 
spectrometry (SPE – ICP-MS) of vanadyl (VIV) and vanadate (VV) 
and the non-retained fraction (NR) of the certified reference material 
CRM TMDA-54.4 and the % recovery.  
TMDA-54.4 [VT] 
[VT] for fractions 
% Recovery 
NR F1 - VIV F2 - VV 
1 336.27 239.54 5.7 80.7 96.9 
2 335.25 235.26 4.5 62.6 90.2 
3 339.35 251.47 5.2 60.6 93.5 
3.3 High Performance Liquid Chromatography (HPLC) 
This study used high performance liquid chromatography or HPLC as an 
analytical comparison method with SPE. In the following sections, a review of 
vanadium speciation using HPLC will be outlined in section 3.3.1. In addition, the 
calibration, limit of detection (LOD), speciation and stability of vanadium using 
HPLC will be discussed in section 3.3.2. Finally, the inter-analytical method 
comparison between SPE-ICP-MS and HPLC with ICP-MS will be outlined in 
section 3.3.3. 
3.3.1 Review of literature for HPLC regarding vanadium speciation 
The two main approaches that have been reported for vanadium speciation 
of water samples are reversed-phase liquid chromatography (RPLC) and ion 
chromatography (IC) (Chen and Owens, 2008). In RPLC, chelating agents are 
used to form stable non-ionic complexes with the vanadium species, and the 
separation depends on the hydrophobicity (Chen and Owens, 2008). The 
formation of the complexes can be done by pre-column or on-column complex 
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formation (Kilibarda et al., 2013; Amoli et al., 2006; Peng et al., 2005). During the 
pre-column complexation step, the reaction of vanadium species with the chelating 
agents were formed before introduction to the column and separation by RPLC 
(Gamage et al., 2010; Chen and Naidu, 2002; Oszwałdowski et al., 2000; Wann 
and Jiang, 1997). In the on-column method, the chelating agent is added to the 
mobile phase, and the formation of the vanadium species complexes takes place 
online (Chen and Owens, 2008; Chen et al., 2007; Colina et al., 2005; Peng et al., 
2005). Then the separation of the formed complexes is done using RPLC. The 
most popular detection methods for these vanadium complexes are 
spectrophotometric techniques (Amoli et al., 2006; Peng et al., 2005; 
Oszwałdowski et al., 2000). However, electrochemical detectors have been less 
commonly used (Nagaosa and Kimata, 1996). RPLC is an effective separation 
technique that provides a high level of resolution for the vanadium species, with 
added flexibility from the use of multiple mobile phases during separation. On the 
other hand, the use of organic solvents and acids in the eluents can alter the metal 
complexes that can be released and form complexes with other ligands (Kubáň et 
al., 2005; Sarzanini and Bruzzoniti, 2001). 
Ion chromatography is also a widely reported technique for vanadium 
speciation of waters. This can be done in two ways: (i) ion-pairing, in which the C18 
column is coated with an ion-pair. This is a salt with either an anion or cation which 
has a polar head and non-polar tail. (Karst, 2004), added to the mobile phase. This 
ion-pairing can exchange with the vanadium species in (ii) ion exchange 
chromatography, in which the vanadium species are first retained in the column. 
These species are then subsequently eluted from the column by the addition of a 
competitive ion” that could be used instead (Lough and Wainer, 2013). The 
limitation of ion-pairing is linked with the use of some organic solvents in the mobile 
phase which can exchange with the species, or decompose the complexes. 
However, this can be avoided by pre-column addition of a chelating agent that can 
form a stable complex with these species (Costa Pessoa, 2015; Kilibarda et al., 
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2013). Ultra-violet (UV) detection methods have been used for the separation of a 
strong chromophore vanadium-complex formed by pre-column or ion-pairing use 
of chelating agents, such as 4-(2-pyridylazo) resorcinol (PAR) and EDTA 
(Stefanova Teodora et al., 2015; Vachirapatama et al., 2005). However, UV 
detection has very low sensitivity especially since vanadium species are at very 
low levels in water samples. This can be solved by ion chromatography coupled 
with ICP-MS or ICP-OES or GFAAS (Costa Pessoa, 2015; Cornelis et al., 2005). 
An increase in the ICP-MS plasma reflected power and a change in ionisation 
characteristics of the argon plasma lead to the reduction of the detection sensitivity 
of the vanadium species because of the use of the organic modifiers in RPLC 
(Colina et al., 2005; Michalke, 2002; Wann and Jiang, 1997). The use of ion 
exchange chromatography (IEC)-ICP-MS with a mobile phase that does not use 
organic modifiers, a dynamic reaction cell (DRC) and ammonia (NH3) as a reaction 
gas can solve these challenges and increase the efficiency of vanadium speciation 
using IEC-ICP-MS (Kilibarda et al., 2013; Gamage et al., 2010; Chen et al., 2007; 
Liu and Jiang, 2002). 
In this study, HPLC (1220 Infinity HPLC, Agilent Technologies, UK) was 
used for the vanadium speciation of water samples. The instrument components 
are a dual-channel gradient pump with degasser (G4299A, Agilent Technologies, 
UK), manual injector, column and a double-beam photometer detector (1024-
element diode array detector, deuterium and tungsten lamps). The HPLC system 
is fitted with an anion-exchange column and a guard column (IEC, Agilent G3154-
65001,65002, Agilent Technologies, UK), which were used for the separation of 
the vanadium species in water samples. The guard column has the same 
stationary phase as the main column, and is fitted before the analytical column to 
remove any particulates or contaminants from the solvent and increase the life of 
the main column (Lough and Wainer, 2013; Snyder et al., 2012). The specifications 
of the columns are presented in Table 3.12.  
Chapter 3: Vanadium Speciation of Water  
151 
The data were collected using Lab Advisor Software (Agilent Technologies, 
UK). Due to the unavailability of the interface that directly couples the HPLC and 
the ICP-MS instruments, the eluted fractions out of the HPLC were manually 
collected and analysed using ICP-MS for intra-laboratory comparison between the 
SPE-ICP-MS and the HPLC with ICP-MS for vanadium speciation of water 
samples collected from Argentina.  
Table 3.12: Anion exchange: main and guard columns used for vanadium 
specification in HPLC. 
 
Parameter 
 
Specifications 
 
packing material 
Anion exchange resin Hydrophilic 
polymetacrylete as basic resins 
Column size (G3154-65001: main column) (mm i.d.) 4.6 x 150  
Column size (G3154-65001: guard column) (mm i.d.) 4.6 x 10  
Column material PEEK1 
maximum operating flow rate (ml/min) 1.5 
maximum operating pressure MPa (100 kgf/cm3) 9.8  
maximum operating temperature (  ͦC) 40 
Solution packed in column (mM) 
2.0 mM PBS/0.2 mM EDTA (pH 6.0) 
solution 
Isocratic elution (constant composition of the mobile phase) was utilised for 
the separation of the VIV and VV species using a combination of 5 mM Na2EDTA 
and 30 mM NH4H2PO4 at pH 8. This method is based on a modification of the Chen 
et al. (2007)  group. The method achieved a good separation of the vanadium 
species within 20 minutes.  
3.3.2 Fundamental experiments for VIV and VV using HPLC 
This section discusses some fundamental experiments with the HPLC: 
calibration, limit of detection, vanadium speciation and the pH effect on vanadium 
species. 
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3.3.2.1 HPLC calibration 
Calibration of VIV and VV was performed using a series of mixed standards 
of both species at concentrations of 100, 250, 500, 1000 and 5000 g/l. All the 
standards were prepared in 5 mM Na2EDTA. A typical calibration graph of both 
vanadium species (VIV and VV) is shown in Figure 3.20 with the corresponding 
graphical interpretation shown in Table 3.13. 
 
Figure 3.20: A typical calibration curve of VIV and VV using high performance 
chromatography (HPLC). 
Table 3.13: Graphical calibration data relating to the VIV and VV using HPLC. R2 is 
1.000. 
 
Species 
 
Line equation 
 
R2 
 
VIV y = 0.008 x - 1.223 1.000 
VV y = 0.059 x - 2.191 1.000 
The eluted fractions of the above standards from the HPLC instrument were 
collected and analysed for total vanadium levels using ICP-MS. The peak areas of 
the counts for the vanadium species in each of the samples were then calculated 
using the Graph Pad Prism™ program. The counts ratios (51V/45Sc) were plotted 
against the vanadium species concentrations. The collected fraction of each 
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species from the HPLC were then analysed by ICP-MS. The levels of VIV and VV 
were calculated using the equations (Table 3.14) of the calibration curves of VIV 
and VV in Figure 3.21. 
 
Figure 3.21: A typical calibration curve of vanadyl (VIV) and vanadate (VV) using 
high performance liquid chromatography (HPLC) with inductively 
coupled plasma mass spectrometer (ICP-MS) for detection.  
Table 3.14: Graphical calibration data relating to the vanadyl (VIV) and vanadate 
(VV) using high performance liquid chromatography (HPLC) with 
inductively coupled plasma mass spectrometry (ICP-MS) for 
detection. R2 is 0.996. 
 
Species 
 
Line equation 
 
R2 
 
VIV y = 0.004 x - 0.048 0.996 
VV y = 0.003 x - 0.065 0.996 
3.3.2.2 Limit of detection 
The limit of detection (LOD) for vanadate (VV) using the HPLC (1220 Infinity 
HPLC, Agilent Technologies, UK) was determined by sequential dilution of a 10 
mg/l VV standard prepared in 5 mM EDTA using Na2VO4 (High purity standards, 
British Greyhound, UK). Figure 3.22 shows the peak areas (mAU.s) of continuous 
dilutions of a 10 g/l VV against the concentration. The lowest detectable 
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concentration is 100 g/l. At this level, no peak was observed at the retention time 
tR= 17.1 minutes. The same experiment was run for vanadyl (VIV), and the limit of 
detection was found to be at the same level (100 g/l). 
 
Figure 3.22: Determination of the limit of detection of vanadate (VV) using high 
performance liquid chromatography (HPLC). 
The limit of detection of vanadium species analysed by HPLC with ICP-MS 
was calculated from the calibration curves using Eq. 2.2 where yB is the intercept 
on the y-axis and sB is the random errors in the y-direction (sy/x) (Miller and Miller, 
2005). The resultant LOD of each species was 0.18 g/l for VIV and 0.17 g/l for 
VV. 
3.3.2.3 Vanadium speciation using HPLC 
An inter-laboratory comparison study of the developed vanadium speciation 
method using SPE was investigated. This was done by analysing the total 
vanadium and separated fractions using HPLC and ICP-MS (section 3.2.3.1), and 
comparing the percentage recovery. Table 3.15 shows the concentrations of VIV 
+V, VIV and VV standards. The total vanadium standards and the fractions for each 
vanadium species separated by SPE method were analysed using HPLC. The 
peak area for each species in the chromatogram was used to calculate the 
percentage recovery. The percentage recovery was calculated using Eq. 3.1.  
Chapter 3: Vanadium Speciation of Water  
155 
Table 3.15: Vanadyl (VIV) and vanadate (VV) speciation using HPLC. The 
percentage recovery was calculated from the peak area (mAU. s) of 
both species in the total standard in comparison to the peak area of 
the vanadium species VIV and VV after separating them with SPE. 
Standard [V] g/l 
 
 
Peak area / 
mAU. s  
 
 
SAX-SPE peak 
area/ mAU. s 
 
% Recovery 
 
 
VIV VV VIV VV VIV  VV  VT 
VIV+V 
8864.41 39.04 293.22 38.06 287.74 97.5 98.1 98.1 
1720.60 7.99 53.56 7.67 53.61 95.9 100.1 99.6 
895.77 4.13 27.16 4.15 26.41 100.4 97.2 97.7 
VIV 
5120.68 38.70 
  
38.06 
  
98.4 
  
98.4 
500.00 4.12 4.00 97.0 97.4 
VV 
5120.68 
  
290.31 
  
277.14 
  
95.5 95.5 
1043.95 57.41 56.76 98.9 98.9 
532.58 24.93 25.03 100.4 100.4 
The percentage recovery of vanadyl (VIV) in the mixed vanadium species 
standard and individual VIV standard using the HPLC and SPE was in the range of 
97.0 to 100.4 %. In contrast, the vanadate (VV) percentage recovery was in a range 
of 95.5 to 100.4 %. Moreover, the total vanadium (VT) percentage recovery was 
also calculated by the addition of the peak area from both chromatograms of the 
SPE fractions and the total area of both species in the total standard 
chromatogram. The percentage recovery of the total species was found to be 
within the range of 95.9 to 100.4 %. 
3.3.2.4 pH effect on vanadium species 
The stability of the vanadium-EDTA complex was investigated using SPE-
ICP-MS, as can be seen in section 3.2.2.3. This experiment was validated using 
HPLC. However, in this experiment high levels of the vanadyl (VIV) species were 
used (1500 g/l) due to the low sensitivity of HPLC. A very good agreement was 
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observed with using both SPE-ICP-MS and HPLC. The 1500 g/l VIV was observed 
to change to VV completely at pH 5 when it was prepared in DDW (Figure 3.23a) 
no peak was observed at the retention time tR of 9.8 minutes for VIV. On the other 
hand, the peak area did not change with changing the pH levels from 3 to 8 for the 
1500 g/l VIV standard prepared in 5 mM Na2EDTA (Figure 3.23b).  
 
Figure 3.23: The pH change effect on 10 mg/l vanadyl (VIV) species prepared in 
(a) DDW and (b) 5 mM Na2EDTA using HPLC peak area versus pH 
levels. 
3.3.2.5 Effect of other ions 
The effect of the presence of a salt-water matrix on the efficiency on the 
developed SPE method was investigated. This is because EDTA is able to form 
complexes with several major and trace ions found in different water types, 
including Al, Ba, Ca, Co2+, Cr3+, Cu2+, Fe2+, Fe3+, Mg2+, Mn2+, Ni2+, Sr2+, Ti5+, and 
Zn (Pettit and Powell, 2006). Moreover, the stability complexes of VIV and VV with 
EDTA are 18.8 and 15.5, respectively; other ion complexes with EDTA have 
stability constants higher than 16, such as Al3+, Co2+, Cr3+, Cu2+, Fe3+, Ni2+, Zn2+ 
and can compete with vanadium. Aureli et al. (2008) stated that in the cases of 
high mineralisation, competition of polyvalent ions with vanadium to complex with 
EDTA can be solved by using excess EDTA (Aureli et al., 2008). A 25 mM EDTA 
solution was proposed to be adequate for mineral water. In this study 0.2 M was 
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used in conditioning the SAX-SPE cartridge to ensure the complexation with 
vanadium in the presence of very high levels of ions in La Pampa groundwater, 
such as Na+, Ca2+, K+, PO34- and SO43-. 
The vanadium species (VIV and VV) were prepared individually (1000 g/l of 
each species) in DDW with increasing levels of phosphate (0, 0.5, and 1 mg/l PO43-
) using potassium dihydrogen orthophosphate (STAN-ION, UK) and sulphate (0, 
10 and 100 mg/l SO42-) in water. The pH was controlled at a level of 7 using 2.5 % 
NH4OH. Moreover, the effect of the presence of different ions in water was also 
evaluated using a 1mg/l multi-element standard containing Ca, K, Mg and Na 
(Multi-element standard solution 3 for ICP, Fluka, Sigma Aldrich, UK). 
 
Figure 3.24: Effect of the increasing phosphate concentration (PO43-, mg/l), 
sulphate (SO42-, mg/l) and salt-matrix (1 mg/l) on the percentage 
recovery of vanadyl (VIV) and vanadate (VV) species using the SPE 
method. 
The percentage recovery of the vanadyl (VIV) species (96.6 – 106.5 %) 
slightly decreased when the phosphate level was 2.5 mg/l. However, it was of a 
very good recovery level. On the other hand, a slight increase was found in the 
percentage recovery 94.2 to 102.0% of the vanadate (VV) species with increasing 
concentration of phosphate (Figure 3.24a). Mostly, no effect was observed when 
spiking both species with increasing levels of sulphate (Figure 3.24b). Moreover, 
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spiking vanadium species with a multielement solution showed no effect on VV 
while a slight effect was noted for VIV (Figure 3.24c). This is in agreement with 
other studies that investigated the effect of interfering ions in water in relation to 
the complexation of vanadium with EDTA and SPE applications (Aureli et al., 2008; 
Hirayama et al., 1992).  
3.3.3 Inter-analytical method comparison between SPE-ICP-MS and 
HPLC with ICP-MS 
An inter-analytical method comparison was carried out for the analysis of 
the total vanadium species using the field-based SPE method with ICP-MS, and 
HPLC with ICP-MS, for a set of water samples (n = 49). A Student’s t-test was 
performed to ensure that there was no significant difference (probability level: 95%, 
P < 0.05). The calculated t value (tcalc = 1.37) was less than the t critical (tcrit = 2.01) 
for 48 degrees of freedom. A further analytical test (Paired t-test) (Table 3.16) was 
performed by comparing the means of both methods (Miller and Miller, 2005). In 
this test Eq. 2.6 was used. The calculated t (tcalc = 0.88) was found to be less than 
the critical t (tcrit = 1.96) at a degree of freedom of 96. This test shows that the two 
means are not significantly different at the 95 % probability level with P < 0.05. 
Table 3.16: Paired t-test of the comparison of two experimental means of the sum 
of the vanadium species using solid phase exchange (SPE) with 
inductively coupled plasma (ICP-MS) and HPLC with ICP-MS.  
Parameter 
 
 
SPE-ICP-MS 
 
HPLC-ICP-MS 
 
mean 585.9 527.4 
standard deviation  355.2 298.5 
n 49 49 
tcalc = 0.88, tcrit = 2.07, for 𝑛1 + 𝑛2 − 2 degrees of freedom (96), at P < 0.05 
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3.4 Application of Vanadium Speciation Analysis of Water 
Samples from Argentina 
Vanadium speciation analysis of water samples has received less attention 
than traditional trace element measurements, especially for arsenic, chromium or 
selenium (Cornelis et al., 2005; Karst, 2004). Vanadium speciation is essential, as 
the most predominant species in natural water (vanadyl, VIV and vanadate, VV) 
have different roles in nutrition and toxicology, where VV is the most toxic species 
(Costa Pessoa, 2015; Wright et al., 2014; Kilibarda et al., 2013; Tracy et al., 2007; 
Seiler et al., 1994). It has been reported that vanadium plays a role in regulating 
different enzymes, such as Na+/K+ exchange in ATPase, phosphoryl-transfer 
enzymes, adenylate cyclase and protein kinases (Costigan et al., 2010; Tracy et 
al., 2007). As a result of the ability of vanadium to increase glucose transport and 
metabolism, it has been used as an alternative treatment for diabetes (Tracy et al., 
2007; Marzban and McNeill, 2003; WHO, 1996). On the other hand, the World 
Health Organisation (WHO (2011) reported that chronic exposure of mammals to 
high levels of vanadium can cause haemopoietin changes, nephrotoxicity, 
reproductive and developmental toxicity; and VV showed more toxicity than VIV. 
Moreover, vanadium pentoxide particulate inhalation and oral ingestion can cause 
carcinogenic effects, which can be also carcinogenic to humans (Leopardi et al., 
2005). In addition, in humans, vanadium can act as a genotoxin and can cause 
irritation of the respiratory tract (Costigan et al., 2001). This a contradiction with 
Bishayee et al. (2010) who report that some vanadium compounds have properties 
to prevent cancer. From the above published results, understanding vanadium 
therapeutic and toxic properties requires more investigation especially in relation 
to the different vanadium species in a sample (Costa Pessoa, 2015; Imtiaz et al., 
2015; Karst, 2004). 
Even though different papers have reported high levels of vanadium in 
groundwater over the range of < 0.05 to 5300 g/l V in different parts of Argentina 
(Puntoriero et al., 2014; Farnfield et al., 2012; Nicolli et al., 2012a; Espósito et al., 
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2011; Nicolli et al., 2007; Smedley et al., 2005; Smedley and Kinniburgh, 2002; 
Nicolli et al., 1989), there are no detailed studies of vanadium speciation of 
groundwater samples in Argentina. Few papers have been published regarding 
vanadium speciation of surface and tap water samples from Argentina. For 
example, Berton et al. (2009) reported a room temperature ionic liquid-based 
micro-extraction for vanadium species separation and determination by 
electrothermal atomic absorption spectrometry. This method was applied to the 
speciation analysis of vanadium in tap and river water (n = 10). The levels were 
reported to be 0.38 – 2.00 g/l VIV and 0 – 3.12 g/l VV in the tap water, and 0 – 
1.25 g/l VIV and 0.98 – 2.84 g/l VIV in the river water. Moreover, Gil et al. (2007) 
published the application of multi-walled carbon nanotubes as substrates for the 
on-line pre-concentration, speciation and determination of vanadium by ETAAS in 
tap and river water. The reported levels of VIV and VV of three natural water 
samples were in the range of 0.13 – 1.32 g/l V and 0.26 – 1.45 g/l V for each 
species, respectively. In addition, Costigan et al. (2001) reported the on-line 
determination of vanadium species in tap and the Carolina river samples, province 
of San Luis, Argentina. The reported levels were 4.31 – 4.99 g/l V in the tap water 
and 1.33 – 1.80 g/l V for the river samples.  
In this study, the individual vanadium species (vanadyl, VIV and vanadate, 
VV) were separated in-situ using the developed field-based SPE cartridge 
methodology. The water samples were collected from three different study areas: 
Río Negro, south east La Pampa (General San Martin), central La Pampa 
(Eduardo Castex) and Buenos Aires provinces in Argentina. The results are 
discussed in the following sections. 
3.4.1 Río Negro 
The developed vanadium speciation method was applied to a region 
designated as the control site; Río Negro which based on previously published 
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data has low levels of vanadium (O’Reilly, 2010 and Farnfield, 2012). This region 
was selected to test the developed field-based SPE method for water samples with 
both low and high levels of vanadium. Due to the low levels of vanadium in this 
area, 20 ml of sample was loaded into the SPE cartridges. The method was applied 
for twenty samples including: groundwater (n = 8), surface water (n = 2) and tap 
water (n = 10). 
Table 3.17: Vanadium speciation analysis of Río Negro groundwater, (GW), 
surface water (S) and tap water (T) using the field-based SPE 
method, [V T] is the total vanadium, vanadyl (VIV) and vanadate (VV) 
species in g/l with the % recovery. 
Sample code 
g/l 
% Recovery 
[V T] [VIV] [VV] 
RN2-GW-01 2.94 1.3 2.1 114.1 
RN2-GW-02 2.70 1.1 2.0 115.1 
RN2-GW-03 3.18 0.9 2.6 110.0 
RN2-GW-04 2.27 0.6 1.8 108.5 
RN2-GW-05 3.35 0.8 2.4 96.6 
RN2-GW-06 58.40 12.2 52.8 111.3 
RN2-GW-07 113.39 18.2 97.9 101.8 
RN2-GW-08 45.60 10.6 39.3 109.4 
RN2-S-01 3.14 0.6 3.1 117.8 
RN2-S-02 0.93 0.4 0.9 140.7 
RN2-T-01 4.92 1.0 4.4 108.5 
RN2-T-02 5.01 0.8 4.1 98.0 
RN2-T-03 3.03 0.9 2.5 111.0 
RN2-T-04 2.83 0.9 2.3 111.3 
RN2-T-05 11.37 1.2 10.9 106.1 
RN2-T-06 3.58 0.9 2.9 105.4 
RN2-T-07 106.02 3.5 100.7 98.0 
RN2-T-08 3.94 1.0 3.1 103.1 
RN2-T-09 3.75 1.0 3.0 105.2 
RN2-T-10 6.63 1.0 5.7 101.4 
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Table 3.17 shows the total levels of vanadium for each sample, the concentrations 
of VIV and VV and the percentage recovery. The predominant vanadium species in 
all groundwater samples is vanadate (1.8 - 97.9 g/l VV) while the range of the 
vanadyl, VIV species in the groundwater is (0.6 - 18.2 g/l VIV). Moreover, VV is 
also the dominant species in surface water (0.9 – 3.1 g/l VV, 0.4 - 0.6 g/l VIV). In 
addition, vanadium speciation of tap water samples revealed similar results, in 
which VV is the dominant species. The water samples collected from this province 
are pH neutral to slightly alkaline (pH: 6.84 – 8.52) with a variation in the redox 
potential (8 – 566 mV). These conditions favour the presence of the vanadate, VV 
species (Aureli et al., 2008; Cornelis et al., 2005; Wehrli and Stumm, 1989).  
3.4.2 South east La Pampa (General San Martin) 
Dissolved levels of vanadium in groundwater samples (n = 11) collected 
from General San Martin in the south east La Pampa province (Table 3.18) were 
largely composed of vanadate, VV (Figure 3.25).  
 
Figure 3.25: Box-plot of the levels of (a) vanadyl (VIV) and (b) vanadate (VV) 
species in groundwater samples from Río Negro (RN), General San 
Martin (SM) and Buenos Aires (BA) provinces, Argentina, using SPE- 
ICP-MS. 
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VV levels were found in the range of 158.18 – 1127.9 g/l, contributing 69 
to 100% of the total vanadium level. Vanadyl, VIV was found at lower levels over 
the range (4.4 – 160.5 g/l), equating to 0 – 31 % of the total vanadium level. The 
pH of these samples was found to be in the range of 7.0 – 8.2 which confirms the 
predominance of VV at pHs close to neutral (Aureli et al., 2008; Cornelis et al., 
2005; Wehrli and Stumm, 1989).  
Table 3.18: Vanadium speciation of General San Martin (La Pampa) groundwater 
samples using the field-based SPE method, [VT] is the total 
vanadium, vanadyl (VIV) and vanadate (VV) species in g/l with the 
% recovery. 
 
Sample code 
 
g/l 
% Recovery 
 
[V T] 
 
[VIV] 
 
[VV] 
 
SM-01 582.42 76.2 490.5 97.3 
SM-02 211.39 96.5 158.1 107.7 
SM-03 574.38 93.5 508.3 104.8 
SM-04 260.97 60.7 164.1 86.1 
SM-05 696.21 158.1 557.4 102.8 
SM-06 716.68 160.5 556.7 100.1 
SM-07 1192.25 8.7 1127.9 95.3 
SM-08 1189.09 11.3 1093.0 92.9 
SM-09 1188.25 11.9 1095.5 93.2 
SM-10 442.53 37.8 401.7 99.3 
SM-11 1188.42 4.4 1096.9 92.7 
3.4.3 Central La Pampa (Eduardo Castex) 
The developed field-based SPE method for vanadium speciation analysis 
was done for different groundwater locations (n = 19 well) in Eduardo Castex in 
the central region of La Pampa province. Figure 3.25 shows that both VIV and VV 
species are of higher levels compared to that for samples from the south east of 
La Pampa (General San Martin) and Buenos Aires (San German) provinces. The 
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results revealed that the predominant species is vanadate, VV. This suggests that 
the groundwater system is predominantly oxidising (Eh/SHE range 3 - 41 mV) and 
under alkaline pH (7.5 – 9.4), thereby promoting the oxidation of VIV to VV. A range 
of 12.8 – 580.6 g/l was found for VIV (Table 3.19). The range of VV was 224.9 g/l 
to 4747.5 g/l (Table 3.19). 
Table 3.19: Vanadium speciation of groundwaters from Eduardo Castex (EC, La 
Pampa) using the field-based SPE method, [VT] is the total 
vanadium, vanadyl (VIV), vanadate (VV) species in g/l and the % 
Recovery. 
Sample code 
g/l 
% Recovery 
[V T] [VIV] [VV] 
LP-EC-01 1724.09 341.2 1624.2 114.0 
LP-EC-02 1813.91 254.5 1624.1 103.6 
LP-EC-03 1956.91 248.5 1739.8 101.6 
LP-EC-04 1897.14 241.0 1772.6 106.1 
LP-EC-05 2288.87 580.6 1754.2 102.0 
LP-EC-06 2261.79 540.0 2034.2 113.8 
LP-EC-07 4488.51 361.9 4703.3 113.8 
LP-EC-08 4601.45 323.6 4084.0 95.8 
LP-EC-09 4601.14 347.3 4747.5 110.7 
LP-EC-10 255.88 12.8 232.3 95.8 
LP-EC-11 242.97 17.8 230.7 102.3 
LP-EC-12 249.16 21.2 224.9 98.8 
LP-EC-13 395.46 67.5 329.9 100.5 
LP-EC-14 389.74 59.8 365.2 109.0 
LP-EC-15 430.88 48.2 439.2 113.1 
LP-EC-16 435.51 60.3 438.8 114.6 
LP-EC-17 1988.27 192.2 1995.3 110.0 
LP-EC-18 4889.11 339.8 3912.0 87.1 
LP-EC-19 4788.68 374.9 3996.6 93.1 
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3.4.4 Buenos Aires (San German) province 
Vanadium speciation analysis was applied to 24 groundwater samples 
collected from the community of San German in south-western Buenos Aires.  
Table 3.20: Vanadium speciation of groundwater samples from Buenos Aires 
province, Argentina, using the field-based SPE method, [VT] is the 
total vanadium, VIV and VV species in g/l. 
 
Sample code 
 
g/l  
% Recovery 
 
[VT] [VIV] [VV] 
BA-01 464.62 218.6 265.2 104.1 
BA-02 566.30 300.8 256.1 98.3 
BA-03 516.08 91.0 463.9 107.5 
BA-04 323.86 73.2 248.8 99.4 
BA-05 552.39 71.4 469.6 97.9 
BA-06 577.54 70.2 504.4 99.5 
BA-07 578.19 65.9 496.8 97.3 
BA-08 576.09 62.7 466.3 91.8 
BA-09 187.30 96.9 105.0 107.8 
BA-10 265.88 45.6 231.4 104.2 
BA-11 592.02 159.8 453.1 103.5 
BA-12 251.08 181.6 88.5 107.6 
BA-13 450.98 171.2 305.3 105.7 
BA-14 407.49 152. 7 253.1 100.6 
BA-15 447.88 145.8 338.5 108.1 
BA-16 269.42 29.0 228.5 95.6 
BA-17 269.01 29.6 241.0 100.6 
BA-18 190.96 84.2 90.9 91.7 
BA-19 181.95 92.6 90.9 100.8 
BA-20 450.41 118.2 312.3 95.6 
BA-21 457.09 123.6 348.5 103.3 
BA-22 457.78 117.0 315.1 94.4 
BA-23 452.08 128.2 345.4 104.8 
BA-24 385.45 179.97 215.7 102.7 
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Vanadate (VV) is the predominant species (88.5 - 504.4 g/l), contributing to 33 - 
89 %. Vanadyl (VIV) was found at higher levels (range 29.0 - 300.8 g/l) compared 
to General San Martin groundwater (Table 3.20). This can be explained by the 
higher levels of total dissolved solids or TDS (553 – 1365 mg/l), higher redox 
potential, Eh range (62 – 146 mV) and higher conductivity (1072 -2706 S) of the 
water samples from this area compared with those from the south-east of La 
Pampa (Eh (40 – 118 mV) and TDS (284 – 388 mg/l) (Wang and Sañudo Wilhelmy, 
2009). 
3.4.5 Stability study 
Solid phase extraction is a superior method for conserving elemental 
species. A field-based experiment was conducted to investigate the stability of the 
vanadium species. This experiment also shows whether a possible change in the 
levels of the two main vanadium species occurs during transportation of water 
samples from the sampling location to the laboratory. Six samples were loaded 
onto the conditioned SPE cartridge at the time of sample collection in Argentina. 
In addition, the samples from the sample site were collected into 50 ml tubes 
without loading them onto SPE cartridges and transported to the lab with the 
loaded SPE cartridges. The samples in the tubes were loaded to conditioned V-
speciation cartridges as soon as they reached the laboratory (a typical time period 
of 2-3 weeks). Figure 3.26a showed the percentage species concentration of the 
eluted fractions for vanadyl, VIV that were (1) loaded during the field sampling and 
(2) loaded in the laboratory. Figure 3.26b, presents the percentage levels of 
vanadate,VV  for both studies. It is clearly shown that there is a transformation of 
the vanadyl, VIV species during the transportation period, as there is a decrease in 
the percentage concentration of VIV-2 compared to VIV -1 (Figure 3.26a). On the 
other hand, there is an increase in all the percentage concentration of the 
vanadate, VV species in all the fractions eluted after the return to the laboratory. 
This confirms that the conversion of VIV into VV occurs during transportation and a 
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possible change in the physiochemical properties of the sample during the 
transportation period, especially if the sample is not loaded immediately onto the 
SPE cartridges at the time of sampling in the field. 
 
Figure 3.26: Vanadium speciation stability study. Vanadyl, VIV -1 and vanadate, 
VV -1 are the eluted species for the samples loaded during field 
sampling whilst VIV -2 and VV-2 are the eluted fractions for the loaded 
samples in the laboratory. 
3.5 Summary 
The analytical method of measuring total vanadium in water using an 
Agilent 7700x inductively coupled plasma mass spectrometer (ICP-MS) has been 
outlined in section 3.1. In this section, the analytical figures of merit(s) of vanadium 
analysis using ICP-MS (limits of detection, linear dynamic range and calibration) 
have been discussed in section 3.1.1. Solid phase extraction techniques were 
discussed in section 3.2, leading to the development of a newly SAX-SPE method 
for vanadium (section 3.2.2.3). The method was validated by inter-analytical 
method comparison with HPLC (section 3.2.3). A Student’s t-test showed there 
was no statistically significant difference between the total speciation analyses 
using the developed field-based SAX-SPE-ICP-MS method and a laboratory-
based high performance liquid chromatography, HPLC-ICP-MS method (tcalc = 
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1.37 < tcrit = 2.01). HPLC instrumentation and analytical methodology were 
presented in section 2.5. The developed SAX-SPE method for vanadium 
speciation was applied for the first time using Argentine groundwater (Río Negro, 
southeast La Pampa (General San Martin), central La Pampa (Eduardo Castex) 
and Buenos Aires (San German) provinces). The results are outlined in section 
3.4. The vanadium speciation data (section 3.4) will enable for the first time a better 
understanding of the bioavailability/toxicity relationship of vanadium and arsenic 
species, total chemicals (As, V and F-) in Chapter 4 and human/animal health 
effects (Chapter 5).  
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4.0 Introduction  
One of the main goals of this research was to investigate any possible 
statistical relationship that might exist between levels of vanadium (total and 
species), arsenic (total and species), fluoride and other trace elements (aluminium, 
iron, manganese and selenium) in drinking water and levels in human biomarkers 
(hair, fingernails and toenails). To achieve this goal, different provinces were 
selected: Río Negro/Neuquén (General Roca, Paso Cordoba, Catriel, Río 
Colorado, Rincón de los Sauces), La Pampa (General San Martin, Eduardo 
Castex, Ingenerio Luiggi), Buenos Aires province (San German), and Buenos 
Aires Capital Federal (Moron). The Río Negro/Neuquén provinces (section 4.1) 
are a known region containing the río Negro and río Colorado, with low levels of 
arsenic (groundwater: 0.78 – 6.73 g/l As, surface water: 1.29 – 4.57 g/l; (Lord, 
2014)) and vanadium (0.72 – 28.2 g/l V; (Farnfield, 2012)). On the other hand, 
the La Pampa province (section 4.2 and 4.3) is a well-documented area with high 
levels of arsenic (24.9 – 946 g/l and 33.0 – 1128 g/l) (Farnfield, 2012; Nicolli et 
al., 2012a; O’Reilly, 2010; Smedley et al., 2008). Two new regions were 
investigated for determining the levels of vanadium (total and speciation), arsenic 
(total and species), and fluoride in groundwater samples from the urban and rural 
areas of General San Martin (south east La Pampa) groundwater and San German 
(south west Buenos Aires province). Moreover, Eduardo Castex (central north La 
Pampa) was studied for both vanadium and arsenic (total and species) using solid 
phase extraction. In addition, Moron (Buenos Aires Capital Federal) drinking water 
was evaluated for the levels of vanadium, arsenic (total and species), and fluoride 
with other trace elements (section 4.1 to 4.5). The following sections outline the 
sampling locations, results for the determination of trace element and fluoride 
levels in each province, volcanic ash analysis (section 4.6), comparison of 
elemental levels from the Río Negro/Neuquén and other provinces (section 4.7) 
and a summary of the findings (section 4.8) . 
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4.1 Río Negro/Neuquén Provinces 
The Río Negro/Neuquén provinces are located in northern Patagonia. The 
boarders of this province are with La Pampa from the north, Mendoza from the 
northwest, Chubut from the south and Chile from the southwest corner (Figure 
4.1). The provinces extend from the border with Chubut and Mendoza to the 
Cordillera of the Andes (south west) to the Atlantic Ocean (from the east), covering 
an area of 203,013 (Río Negro) and 94,078 (Neuquén) Km2 (O’Reilly et al., 2010; 
Abraham et al., 2009; Zárate, 2003).  
 
Figure 4.1: Map of Río Negro/Neuquén provinces indicating the location of 
General Roca adapted from (IGN, 2016). 
The Río Negro river lies within a depression and crosses the province from 
the northwest to the southeast (Zárate, 2003). The river is the main source of 
water, especially in the central to north part of the province such as in places like 
General Roca, and other settlements in the Alto Valle (Lord, 2014; Miglioranza et 
al., 2013). On the other hand, the central and southern parts of the province are 
dry and with no main surface water supply. The northern boundary is along the río 
Colorado. Samples from Catriel, Río Colorado and Rincón de los Sauces are from 
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sites in northern Neuquén province, before any possible anthropogenic input from 
the urban community of Neuquén city and oil abstraction in the rural areas of the 
province. For this reason, groundwater is the main water supply used for drinking 
and irrigation in both provinces, especially in the rural areas which are mainly 
commercial apple and pear orchards (Lord, 2014; Farnfield et al., 2012; O’Reilly 
et al., 2010).  
The Río Negro province is sandy plains of quaternary fluvial, lacustrine and 
Aeolian origin (Abraham et al., 2009). Moreover, it has been reported to have low 
levels of arsenic in groundwater, and is not within the Chaco-Pampean plain (Lord, 
2014; Ward et al., 2014; Farnfield et al., 2012; O’Reilly et al., 2010; Watts et al., 
2010). Arsenic speciation in this province is also well documented. Arsenate (iAsV) 
(1.2 – 15.4 g/l) was reported to be the predominant species in most of the samples 
from the Alto Valle (Lord, 2014; Ward et al., 2014; Farnfield, 2012; O’Reilly et al., 
2010; Watts et al., 2010). The same groups have reported that all arsenite (iAsIII) 
levels (< LOD – 8.6 g/l) are within the World Health Organisation (WHO) guideline 
limits of arsenic in drinking water. Moreover, these studies have revealed low 
levels of organic arsenic species in this province (namely, monomethylarsonic acid 
(MAV): 0.3 – 5.75 g/l and dimethyarsenic acid (DMAV): < 0.03 – 0.22 g/l).  
Different water types (groundwater, surface and tap water) were 
predominantly collected from General Roca (Río Negro) for the purpose of this 
study. The main aims were to investigate the possible change in the levels of trace 
element, fluoride and arsenic species in water samples and also to investigate the 
levels of the vanadium species using for the first time the developed field-based 
solid phase extraction method for vanadium (Chapter 3). Finally, General Roca will 
be used as a control site for comparison with other provinces in this study such as 
groundwater from La Pampa and Buenos Aires provinces, and tap water from the 
community of Moron in Buenos Aires Capital Federal.   
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4.1.1 Sample locations 
Samples from the Río Negro/Neuquén provinces were collected in two time 
periods. The first period was pre-2014 (RN1). During this period, surface water (n 
= 21, RN1-S-01-21) was collected from different parts of the provinces including 
Paso Cordoba (n = 10), Catriel (n = 4), Río Colorado (n = 4) and Rincon de Los 
Sauces (n = 3). In addition, six tap water samples were collected from General 
Roca (RN1- T- 02 – 06). No physicochemical or speciation analysis were 
undertaken with the first study (RN1).  
 
Figure 4.2: Map of sample locations collected from the Río Negro/Neuquén 
provinces where, 1 is pre-2014 study, 2 is 2014-2016 study, GW is 
for groundwater, S for surface water and T for tap water (adapted from 
Google Earth™). 
The second period was 2014-2017 (May 2014, May 2015 and May 2016) in 
the Río Negro province (RN 2). During this period, eight groundwater samples 
were collected (RN2-GW-01 – 08). These are groundwater samples that were 
collected from local farms, where the water is mainly used for irrigation and animal 
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consumption. In addition, eight surface waters were collected from General Roca 
from different locations of the río Negro river (RN2-S-01-08). Moreover, twelve tap 
water samples (RN1-T- 01 - 12) were collected from different locations. Testing for 
the physiochemical properties, arsenic and vanadium speciation was undertaken 
in-situ for most of the samples collected in this period. Sample locations are 
outlined in Figure 4.2. 
4.1.2 Results 
All samples collected from the Río Negro/Neuquén provinces, including 
groundwater (n = 8), surface water (n = 28) and tap water (n = 18) from the two 
study periods, were analysed for trace elements and fluoride (refer to sections 2.4 
and 2.6 for the analytical instrumentation and measurement details). The results 
are outlined in sections 4.1.2.2 and 4.1.2.3. The physiochemical properties were 
investigated for most of the water samples collected during the second time period. 
The results are discussed in section 4.1.2.1. In addition, arsenic speciation 
analysis of the same samples is discussed in section 4.1.2.2. Vanadium speciation 
analysis was presented in Chapter 3. 
4.1.2.1 Physicochemical parameters 
The physiochemical properties, including pH, electrical conductivity (EC, 
S/cm), temperature (T, ºC) and redox potential (Eh/SHE, mV), were measured in-
field for all groundwater samples collected during the second time period (RN2-
GW-01 to 08). In addition, surface water (RN2-S-01 to 08) and tap water samples 
(RN2-T-01 - 12) were measured for physicochemical parameters at the time of 
sampling. The results are presented in Table 4.1. The pH of the different water 
types was mostly neutral: groundwater (n = 8) pH range = 6.84 to 8.52, surface 
water (n = 6) pH range = 7.43 to 8.01 and the tap (n = 12) water pH range was 
7.27 to 7.84. This is in good agreement with the previously reported pH range for 
General Roca groundwater and tap water samples (7.0 – 8.0) (Lord, 2014). 
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Table 4.1: Physiochemical properties for groundwater (GW), surface water (S) and 
tap water (T) samples of the second study (2014-2017, RN2) 
collected around the Río Negro province (RN). 
Sample Type 
Code  
(RN2-) 
pH EC (μS/cm) T (ºC) TDS (mg/l) Eh/ SHE (mV) 
Groundwater 
GW-01 7.95 150 12.1 78 458 
 GW-02 7.83 142 12.4 73 566 
 GW-03 6.84 450 17.5 235 25 
 GW-04 7.14 542 16.8 280 20 
 GW-05 7.28 572 17.5 296 8 
 GW-06 8.38 74 12.1 37 52 
 GW-07 8.52 78 11.2 40 63 
 GW-08 8.34 83 11.4 42 42 
surface water 
 S-01 7.43 615 13.2 319 9 
 S-02 7.68 166 13.9 82 56 
 S-03 7.70 168 13.5 83 68 
 S-04 7.50 164 14.3 82 81 
 S-05 7.53 441 14.3 220 90 
 S-06 8.01 129 21.8 65 13 
 S-07 7.89 346 22.7 174 22 
 S-08 7.63 1478 9.6 760 86 
Tap water 
 T-01 7.61 168 14.3 84 580 
 T-02 7.43 615 13.2 319 9 
 T-03 7.73 729 11.3 378 73 
 T-04 7.78 1343 11.1 680 38 
 T-05 7.37 276 11.2 138 94 
 T-06 7.65 215 7.0 104 72 
 T-07 7.84 729 10.6 378 73 
 T-08 7.56 168 16.9 87 528 
 T-09 7.27 342 9.8 173 65 
 T-10 7.77 192 16.5 100 440 
 T-11 7.69 170 12.1 88 555 
 T-12 7.72 1412 9.3 702 42 
Chapter 4: Trace elements and Fluoride in Water  
176 
However, the surface water was neutral in this study, while it was slightly alkaline 
(pH range 7.60 – 9.41; n = 10 , 7.60 – 9.24; n = 5 and 6.9 – 9.2; n = 40) as reported 
by Lord (2014), Farnfield (2012) and (O’Reilly et al., 2010), respectively. This can 
be related to the difference in the seasonal collection periods and precipitation. A 
noted variation was observed in the electrical conductivity and the total dissolved 
solids content of the groundwater (EC: 74 - 572 S/cm, TDS: 37 – 296 mg/l), 
surface water samples (EC: 129 - 1478 S/cm, TDS: 65 – 760 mg/l) and tap water 
(EC: 168 - 1412 S/cm, TDS: 84 – 702 mg/l). Moreover, this study showed a good 
agreement when compared to the previous studies of Lord (2014) (EC: 285 – 1309 
S/cm, TDS: 149 – 655 mg/l) for rural wells, and O’Reilly (2010) (EC: 908 – 3149 
S/cm, TDS: 470 – 1994 mg/l). The temperature values for all samples varied from 
9.6 to 22.7 ºC due to the difference in the time of day/year for the sample collection. 
In addition, the majority of the samples showed a positive redox potential (Eh) 
ranging from 8 to 566 mV for groundwater, 9 to 90 mV for surface water and 9 to 
580 mV for tap water. The redox potential results for the surface were slightly lower 
in some samples compared to previous research studies (83 – 333 mV and 59 – 
360 mV) for Lord (2014) and Farnfield (2012). The variation of the physiochemical 
properties between this study and the previous research studies can be explained 
by the variation of the levels in relation to periods of precipitation (Lord, 2014; 
Farnfield, 2012). Moreover, the variation in the physiochemical properties among 
the groundwater and the surface water samples collected from different locations 
could be due to the composition of the rock minerals and the residency time 
(Farnfield, 2012; Smedley et al., 2005; Smedley and Kinniburgh, 2002). 
4.1.2.2 Total vanadium, arsenic, fluoride and arsenic speciation 
All samples collected during the two time periods were analysed for total 
vanadium, arsenic, fluoride and other trace elements (Table 4.2). The arsenic 
speciation was conducted using the field-based solid phase extraction (SPE) 
method for selected water samples, which is shown in Table 4.3. Most water types 
in the second study revealed low vanadium and arsenic levels: groundwater 
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ranged from1.98 -130.10 g/l V, 1.20 – 38.87 g/l As and surface water ranged 
from 0.63 – 4.12 g/l V, 0.5 – 3.30 g/l As, and tap water ranged from 0.63 – 90.27 
g/l V, 1.30 – 27.91 g/l As, respectively. All the samples were within the WHO 
guideline limits for arsenic in drinking water, with the exception of two groundwater 
samples from Allen and Cipolletti (NR2-GR-08 and 09), and one tap water from 
Stefenelli (RN2-T-09). These samples were also of higher levels than the notified 
levels for vanadium in drinking water (50 g/l) proposed by the California’s 
Department of Public Health (Wright et al., 2014; CDPH, 2010). Similar results 
were found by O’Reilly (2010) who also reported some surface water (n = 52; 0.84 
– 14.2 g/l) in Río Negro to have higher arsenic concentrations than the upper limit 
proposed by the WHO for drinking water. Moreover, Lord (2014) showed that some 
groundwater samples (8.08 – 34.54 g/l; n = 15) were also exceeding the WHO 
guidelines for arsenic in drinking water.  
Similar arsenic levels were observed in the first study, except for one 
surface water sample (sewage out flow, RN1-S-07) that had an arsenic level (18.6 
g/l) higher than the WHO guideline limits for arsenic in drinking water, and higher 
the notified levels of vanadium in drinking water (50 g/l) proposed by California’s 
Department of Public Health (Wright et al., 2014; CDPH, 2010). However, the level 
of arsenic in all water sample types is lower than the FAO maximum guideline limit 
for arsenic and vanadium (200 g/l As, 100 g/l V) in livestock drinking water 
(WHO, 2011; FAO, 1994). The low levels of arsenic can be justified by the bedrock 
composition, the neutral pH and the oxidation conditions which enhance the 
adsorption of the arsenic into river sediments, and the dilution by the surface run 
off and recharge (Rango et al., 2013; Smedley and Kinniburgh, 2002). 
Furthermore, fluoride levels in all sample types were lower than the WHO guideline 
limits for fluoride (1.5 mg/l) in drinking water (WHO, 2011).  
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Table 4.2: Trace element (g/l) and fluoride (mg/l) levels in groundwater (GW), 
surface water (S) and tap water (T) samples from the first (RN1) and 
second study periods (RN2) of the Río Negro/Neuquén (RN), and 
the World Health Organisation (WHO) guideline limits for drinking 
water (WHO, 2011). 
Chemicals 
WHO 
limit 
g/l 
Range 
n = 8 (2-GW-) n = 21 (1-S-) n = 8 (2-S-) n = 6 (1-T-) n = 12 (2-T-) 
Al -a 4.4 40.3 1.4 10.0 1.9 14.5 2.6 36.6 1.9 33.8 
AsT 10 1.20 38.87 0.21 18.60 0.50 3.30 1.34 2.18 1.30 27.91 
Cu 2000 0.67 7.24 0.21 33.56 0.02 1.51 0.26 11.48 0.66 149.10 
Fe -a 3.3 79.1 0.7 6.1 0.5 15.8 1.0 4.0 1.0 8.0 
Mn 400 0.79 110.10 0.04 3.84 2.19 244.20 0.11 16.07 0.63 244.20 
Se 40 0.14 0.84 0.09 1.34 0.10 0.52 0.20 1.83 0.20 1.19 
V -a 1.98 130.10 0.67 70.33 0.63 4.12 2.74 4.81 0.63 98.97 
Zn -a 14.0 34.5 0.5 31.5 < 0.1 5.9 1.1 206.2 5.9 90.3 
*F- 1.5 0.15 0.84 0.06 0.51 0.13 0.46 0.13 0.30 0.13 0.62 
-a = no guideline limits provided, AsT – total arsenic concentration, * F- unit in mg/l 
A field-based SPE method was used for arsenic speciation and analysis of 
selected groundwater (RN2-GW-01 – 08), surface water (RN2 –S-01 – 02, and 06 
- 08) and all the tap water samples (RN2-T-01 - 12). The results are outlined in 
Table 4.3. Arsenate (iAsV; 0.19 – 14.60 g/l) was the dominant species in 57% of 
all water types. The pH and the redox potential values (Table 4.1) showed an 
oxidation environment that enhance the oxidation of iAsIII to iAsV (Brahman et al., 
2013; Smedley et al., 2002). The arsenite (iAsIII) levels were < 0.2 – 1.6 g/l. Only 
five samples had higher arsenite fractions than arsenate (Table 4.1). These 
samples had higher levels of iron (1.3 – 79.1 g/l) and manganese (0.91 – 110.07 
g/l) compared to the other water samples of the same type, suggesting a more 
reducing environment. The presence of Fe-Mn oxides has been reported to control 
the oxidation and reduction of arsenic species in water aquifers (Ying et al., 2012; 
Bhattacharya et al., 2006b; Smedley and Kinniburgh, 2002). Arsenate (iAsV) was 
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also previously reported as the major dominant species in water samples from the 
Río Negro province (Lord, 2014; Farnfield, 2012; O’Reilly et al., 2010). 
Table 4.3: Total arsenic (AsT) and arsenic species for groundwater (GW) samples 
in the second study of the Río Negro (RN2); 2014 - 2017. 
Sample 
Type 
Code (RN2) 
AsT iAsIII iAsV MAV DMAV 
Conc. 
(g/l) 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Ground-
water 
 GW-01 1.66 0.1 6.4 0.89 54.5 0.47 28.6 0.17 10.5 
 GW-02 1.65 0.3 17.8 0.92 47.3 0.51 26.3 0.17 8.6 
 GW-03 1.51 1.2 71.0 0.19 11.3 0.18 11.0 0.11 6.8 
 GW-04 1.23 0.9 66.1 0.19 13.3 0.18 12.8 0.11 7.7 
 GW-05 1.20 0.9 64.2 0.19 13.6 0.19 13.6 0.12 8.6 
 GW-06 1.85 0.6 4.7 6.92 54.8 4.88 38.7 0.23 1.8 
 GW-07 38.87 0.5 1.8 14.60 47.4 15.33 49.7 0.35 1.1 
 GW-08 11.18 1.6 14.7 5.45 50.3 3.57 33.0 0.22 2.0 
surface 
water 
 S-01 3.30 0.3 15.8 0.89 40.7 0.76 34.9 0.19 8.6 
 S-02 1.73 0.3 14.6 0.86 46.5 0.58 31.4 0.14 7.6 
 S-06 0.5 < 0.2 < 0.2 0.48 60.0 0.21 26.3 0.11 13.8 
 S-07 0.55 < 0.2 < 0.2 < 0.02 < 0.02 0.8 88.0 0.11 12.1 
 S-08 1.55 1.2 82.6 0.06 4.1 0.13 9.2 0.06 4.1 
Tap water 
 T-01 1.72 0.1 4.5 1.22 69.3 0.29 16.5 0.17 9.7 
 T-02 3.30 0.3 15.8 0.89 40.7 0.76 34.9 0.19 8.6 
 T-03 2.08 0.1 5.5 0.85 38.8 0.54 24.6 0.68 31.1 
 T-04 2.18 0.4 17.9 0.70 29.3 0.59 24.5 0.68 28.3 
 T-06 1.30 0.5 36.6 0.43 30.1 0.24 17.1 0.23 16.2 
 T-07 3.77 0.3 10.8 0.31 10.3 0.52 17.3 1.87 61.6 
 T-08 1.81 0.2 8.1 1.19 64.0 0.37 19.9 0.15 8.0 
 T-09 27.91 0.7 2.5 14.32 49.4 13.57 46.8 0.36 1.3 
 T-10 4.31 0.4 8.6 2.56 59.0 1.23 28.3 0.18 4.1 
 T-12 2.78 0.3 10.2 0.66 23.8 0.81 28.9 1.04 37.1 
iAsIII = arsenite; iAsV = arsenate; MAV = monomethylarsonic acid; DMAV = dimethylarsinic acid; AsT 
= total arsenic; Conc. = concentration; % = percentage fraction of species 
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Low detectable levels of organosenical species were noted (MAV: 0.13 – 
15.33 g/l; DMAV: 0.11 – 1.87 g/l). In general, MAV was the dominant species, 
accounting for 9.0 – 88.0 % of the total species, with the exception of two samples 
(RN2-GW-07 and 12) that showed a 61.6 and 37.1 % distribution of DMAV over 
the total species (1.87 and 1.04 g/l). DMAV contributed to 1.1 to 61.6 % of the 
total arsenic levels. The presence of organic arsenic species could be due to 
microbial activity, such as algae growth, which was noted to metabolise the 
inorganic arsenic species (iAs) into the methylated arsenic species in surface water 
(O’Reilly et al., 2010; Smedley and Kinniburgh, 2002). Similar results were 
reported for the oganoanosenicals in Río Negro waters (Lord, 2014; Ward et al., 
2014; Farnfield, 2012; O’Reilly et al., 2010; Watts et al., 2010).   
4.1.2.3 Other trace element levels 
All levels of other trace elements in all water types (groundwater, surface 
and tap water) are reported in Table 4.2 and Table 4.4 and found to be below the 
WHO guideline limits for drinking water (WHO, 2011).  
Table 4.4: Other trace element levels (g/l) in groundwater (GW), surface water 
(S) and tap water (T) samples from the first (RN1) and second study 
periods (RN2) of the Río Negro/Neuquén (RN) provinces and the 
WHO guideline limits for drinking water (WHO, 2011). 
Chemicals 
WHO 
limit 
g/l 
Range 
n = 8 (2-GW-) n = 21 (1-S-) n = 8 (2-S-) n = 6 (1-T-) n = 12 (2-T-) 
Cd 3 < 0.06 1.51 < 0.06 < 0.06 < 0.06 < 0.06 < 0.06 < 0.06 < 0.06 0.08 
Co -a <  0.03 0.12 <  0.03 0.13 <  0.03 0.05 <  0.03 0.06 < 0.03 0.03 
Cr 50 < 0.03 0.23 < 0.03 0.17 < 0.03 0.03 < 0.03 0.16 < 0.03 0.08 
Mo -a < 0.7 27.4 < 0.7 5.9 < 0.7 3.4 0.1 8.5 < 0.7 2.2 
Ni 70 0.1 0.9 < 0.2 1.3 < 0.1 0.3 0.2 11.6 0.2 3.0 
Pb 10 0.05 0.82 < 0.03 0.08 < 0.03 0.06 < 0.03 0.25 < 0.03 8.85 
Sb 20 < 0.3 0.4 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 
U 15 < 0.03 2.74 < 0.03 1.98 < 0.03 1.84 < 0.03 0.64 0.03 1.49 
-a = no guideline limits provided 
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Even though manganese was reported to exceed the WHO guideline (400 g/l) in 
one surface water (472 g/l) by O’Reilly et al. (2010), in this study, iron and 
manganese did not exceed the WHO guideline limits in drinking water. The 
correlation between arsenic, vanadium, and fluoride with each other and with the 
physiochemical properties, and other trace elements will be discussed in section 
4.7. 
4.2 La Pampa: South East  
The La Pampa province is in the central part of Argentina (Nicolli et al., 
2012a). Moreover, it is part of the central region of the Chaco-Pampean Plain 
which covers an area of 1.2 x106 Km2 which extends from the Paraguay border, in 
the north to the Patagonian Plateau in the south and to the east of the Pampean 
Hills (Nicolli et al., 2012a). La Pampa covers an area of 143,440 km². 
 
Figure 4.3: Map of the La Pampa province indicating the location of Eduardo 
Castex (North) and General San Martin (South east) adapted from 
IGN (2016). 
Chapter 4: Trace elements and Fluoride in Water  
182 
It was reported that the main source of the high levels of trace elements 
(e.g. As, B, Mo, Se and V) and fluoride in this province is the historical presence 
of volcanic activity and hydro geothermal areas in the north (Nicolli et al., 2012a). 
In addition, the central part of the province has been published to have Quaternary 
sediments (80 - 300 m thickness) that have been reworked by the Aeolian deposits 
and the fluvial process during the Holocene (Smedley et al., 2005). Volcanic 
activity plays an important role on the composition of the Chaco Pampean. There 
were frequent ash falls throughout the Tertiary and the Quaternary periods until 
more recent times. The Quiza Pu eruption in 1932 has been recorded to have 
produced a white rhyolitic volcanic ash layer (3 -18 mg/kg AsT) on the topmost part 
of the sediments (Smedley et al., 2002). Recently, volcanic ash falls have 
originated from the Calbuco volcano (Chile: 2015), Puyehue volcanic eruptions 
(Chile: 2011) and the Copahue volcano (Neuquén Province: 2000). 
A wide range of studies have been published showing high levels of trace 
elements and fluoride in groundwater, soil and plants. However, there is no wide 
investigation of the levels of trace elements e.g. As, Fe, Mn, Se, U and V, fluoride, 
arsenic and vanadium speciation in south-eastern La Pampa including General 
San Martin and Bernasconi. The novelty of this study is based on applying the 
developed field-based vanadium speciation method using solid phase extraction 
and the arsenic speciation analysis using the SPE that was developed by Watts et 
al. (2010). Moreover, the correlation of the physiochemical parameters, trace 
element levels, fluoride, vanadium and arsenic species will be detailed in this 
study.  
4.2.1 Sample locations and sampling strategy 
The groundwater samples of this study, suspected to have raised levels of 
the chemicals under investigation, were collected along ruta 154 and ruta 35 that 
crosses the south-western corner of La Pampa province (General San Martin) 
(Figure 4.4).  
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Groundwater in this region is mainly used for human consumption, 
agricultural irrigation and the watering of livestock. Water samples were collected 
from the outflow pipe (metal or plastic) of wind driven fan wells. Many fan wells 
needed to be ‘turned-on’ by placing the fan tail into the direction of the wind. When 
no wind was apparent the fan was moved by physical manual pressure. The 
resultant flow of water was allowed to discharge from the pump outflow pipe for at 
least 5 minutes before sampling. In some cases, especially the evaluation of the 
sampling strategy (refer to section 2.2) water samples were collected from the 
outflow storage tank, which was typically a concrete structure, 3-5 m in diameter 
and a depth of ~1.5 m. Water samples were collected from the tank by immersing 
the sampling bottle into the surface to a depth of 10 cm and allowed to fill. The 
bottle was washed three times with the water before the final sample was collected. 
The bottle was filled to the top before placing the top on the bottle and checking 
the sampling details recorded on the bottle surface and in the field-based sample 
logbook. Twenty rural wells were sampled along ruta 154 and ruta 35 (LP2-SE- 01 
- 20) from the southern boundary of La Pampa to the community of General San 
Martin. 
 
Figure 4.4: Map of groundwater sample locations collected from the La Pampa 
province, where SE is for south east. Adapted from Google Maps™. 
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4.2.2 Results 
All collected groundwaters were analysed for physiochemical parameters in 
situ (section 4.2.2.1). In addition, levels of trace elements were analysed using 
ICP-MS (refer to sections 2.3 for instrumentation and methodology details). 
Moreover, the same samples were investigated for the levels of fluoride using ISE 
(refer to sections 2.6). All the trace element and fluoride results are outlined in 
Table 4.6. Similarly, arsenic speciation analysis was undertaken for all collected 
samples in situ using SPE (section 4.1.2.2). Finally, the developed field-based 
vanadium speciation method using SPE was applied for all samples along ruta 35. 
The results of the vanadium speciation study were discussed in detail in Chapter 
3. 
4.2.2.1 Physicochemical parameters 
Groundwater samples (n = 20) were collected along ruta 154 which 
traverses (S-N) the southern part of La Pampa province from ruta 22 near Rio 
Colorado to the cross-section of ruta 35 (n = 4, Sample LP-GW-SE-01-04) and 
ruta 35 which traverses (W-E) from the security point of ruta35/ruta152 towards 
the south-eastern part of Buenos Aires province and the city of Bahia Blanca (n = 
16, Samples: LP-GW-SE-05 -20). The collected samples during the two sampling 
periods will be treated as one set. The physiochemical properties of all samples 
are outlined in Table 4.5. The physiochemical parameters along ruta 154 and ruta 
35 were pH of 7.0 – 8.6, electrical conductivity of 1112 - > 3999 S/cm, redox 
potential of - 62.0 – 118.0 mV and total dissolved solids of 556 – > 1999 mg/l. The 
pH was between neutral to slightly alkaline. Very high levels of electrical 
conductivity and total dissolved solids were observed in the collected samples. 
This is not surprising, as there are various salt deposits which are commercially 
exploited along this part of ruta 35. 
Chapter 4: Trace elements and Fluoride in Water  
185 
Table 4.5: Physiochemical properties for groundwater samples (2014 - 2017, LP2) 
collected around south east (SE), La Pampa (LP). 
Code (LP2-
SE-GW-#) 
pH EC (μS/cm) T (C) TDS (mg/l) Eh/SHE (mV) 
1 7.00 2435 24.1 1210 57 
2 7.11 1417 19.7 733 -62 
3 7.45 1448 26.0 725 67 
4 7.00 > 3999 23.3 > 1999 118 
5 7.01 1760 20.4 870 75 
6 7.74 2012 17.5 1003 69 
7 8.18 1173 19.4 585 80 
8 7.62 1112 16.3 556 81 
9 7.49 1677 12.1 828 92 
10 7.50 2048 17.5 1079 102 
11 8.02 1502 18.5 775 62 
12 7.60 2109 18.0 1066 112 
13 8.08 1477 16.3 770 60 
14 8.56 1960 19.0 971 76 
15 8.52 2001 17.2 998 84 
16 7.86 3720 19.0 1886 78 
17 7.67 3820 17.8 1910 87 
18 7.78 3880 17.0 1989 55 
19 7.73 2448 20.2 1235 58 
20 7.76 3770 17.2 1942 55 
High levels of total dissolved solids and electrical conductivity have also been 
reported in groundwater from the northern region of La Pampa, namely Eduardo 
Castex and Ingeniero Luiggi, where the maximum values of > 2000 mg/l and > 
3999 S/cm on the field-based monitor were reached (O’Reilly et al., 2010, Watts 
et al., 2010). The lowest redox potential was – 62 mV, which was for the 
groundwater sample (LP2-SE-GW-02) along ruta 154. This can be explained by 
the very high levels of iron (2359.08 g/l) and manganese (87.4 g/l) compared to 
Chapter 4: Trace elements and Fluoride in Water  
186 
all other samples in the south east part of La Pampa, which forms a reducing water 
environment. 
4.2.2.2 Total arsenic, vanadium, fluoride and arsenic speciation 
All samples were analysed for vanadium, arsenic and fluoride levels, and 
other trace elements (aluminium, iron, manganese and selenium). All results are 
outlined in Table 4.6. The levels of total vanadium (155.18 - 1380.60 g/l) in all 
analysed samples, with the exception of the one well (V = 6.12 g/l), exceed the 
notified levels of vanadium (CA-NL) in drinking water (50 g/l) proposed by 
California’s Department of Public Health (Wright et al., 2014; CDPH, 2010) and 
both the limit for irrigation waters (100 g/l V) and for the watering of livestock in 
Argentina (Galindo et al., 2007). The low level of vanadium in this sample can be 
explained by the reduction mechanism to V3+ that will be adsorbed to the insoluble 
Fe or Mn oxides or as pure insoluble V3+-oxide (Wright et al., 2014). Arsenic (22.98 
- 289.02 g/l) in all the samples along ruta 154 and 35 were found to be higher 
than the WHO guideline limits for arsenic (10 g/l As) in drinking water, with the 
exception of one well (LP2-SE-GW-02) along ruta 154 (1.4 g/l As). In addition, 
high levels of fluoride were observed in all groundwater samples, and they were 
also exceeding the WHO guideline limit for fluoride in drinking water (1.5 mg/l F-). 
However, the levels of fluoride in two samples were lower than the WHO limits, 
namely LP2-SE-GW-02 and 04, along ruta 154 (1.11 and 1.22 mg/l). The well LP2-
SE-GW-02 contained very high levels of iron (2359.1 g/l) and manganese (87.5 
g/l) providing an oxidising environment that may led to lower arsenic levels due 
to the formation of insoluble FeH2AsO4. Similarly, manganese can enhance the 
adsorption/desorption mechanism of arsenic by oxidation and its adsorption onto 
the ferromanganese mixed oxide minerals (Ying et al., 2012; Zhang et al., 2007).  
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Table 4.6: Trace element (g/l) and fluoride (mg/l) levels in groundwater samples 
from the second study (2014- 2017)of the south-eastern, La Pampa 
(LP2-SE) and the WHO guideline limits for drinking water (WHO, 
2011). 
Code 
(LP2-
SE-
GW-#) 
Al AsT Cu Fe Mn Se V Zn F- 
WHO 
limit 
-a 10 2000 -a 400 40 -a -a 1.5 
1 8.2 66.57 < 0.09 < 1.0 < 0.04 5.33 295.41 0.3 1.88 
2 104 1.39 18.94 2359.1 87.47 1.76 6.12 1590.5 1.22 
3 10.2 26.84 < 0.09 < 1.0 0.12 8.39 215.27 16.3 1.78 
4 7.7 52.43 8.21 15.4 1.94 7.23 228.97 445.3 1.11 
5 6.9 30.53 < 0.09 < 1.0 < 0.04 1.03 189.09 302.5 2.46 
6 13.0 266.96 4.8 126.0 6.05 6.13 1380.6 61.7 13.73 
7 29.6 76.97 8.61 60.9 2.05 1.68 338.54 67.9 5.36 
8 12.5 217.74 0.98 15.5 2.33 2.56 1068.28 6.7 10.62 
9 13.6 77.02 2.72 14.3 11.06 8.42 460.42 29.2 5.27 
10 3.4 133.52 3.54 17.5 0.99 3.32 582.42 9.4 6.6 
11 2.3 35.62 5.24 2715.2 28.19 2.39 228.04 143.9 6.18 
12 3.9 133.44 3.6 80.1 1.08 3.35 585.63 8.1 6.24 
13 9.3 22.98 4.84 1079.7 33.31 2.17 155.18 152.8 6.1 
14 8.9 124.11 5.85 9.2 1.55 2.24 700.42 14.3 6.1 
15 11.1 118.51 5.8 15.6 2.19 2.09 494.36 47.3 6.05 
16 2.9 265.31 8.11 8.2 1.23 12.84 1217.24 6.5 9.44 
17 2.1 289.02 5.91 2.0 1 14.68 1178.06 3.3 9.44 
18 19.8 288.19 7.22 1.9 1.08 14.25 1199.79 3.2 9.46 
19 3.0 87.83 4.86 16.7 2.3 1.63 438.62 22.4 4.09 
20 2.5 270.99 7.84 7.3 1.5 13.06 1243.98 5.8 9.4 
-a = no guideline limits provided 
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This process takes place in two steps: (i) firstly, the manganese (IV) is reduced 
into manganese (III), forming an intermediate product of MnOOH, and (ii) secondly, 
the production of AsIV after the reaction of MnOOH with iAsIII (Ying et al., 2012; 
Nesbitt et al., 1998). iAsV has better retention of Fe-Mn than iAsIII (Ying et al., 2012). 
In general, very high levels of vanadium, arsenic and fluoride were observed in 
samples collected along both ruta 154 and 35 in comparison to the levels in 
groundwater(s) from the control areas. This was expected, as the sampling 
direction along ruta 35 from the corner that crosses with ruta 154 to the east goes 
into the middle of the south part of the Chaco-Pampean plain. 
A field-based arsenic speciation method using solid phase extraction was 
undertaken for all samples along ruta 154 and ruta 35. The results are detailed in 
Table 4.7. Arsenic speciation analysis revealed that arsenite (iAsIII: < 0.2 – 209.6 
g/l) is the predominant species in 65% of the samples (n = 20). Arsenite (iAsIII) 
levels ranged from < 0.2 % to 91.3 % (average: 55.5 %), whereas arsenate (iAsV: 
< 0.02 – 245.23 g/l) contributed to < 0.02 to 95 % (average: 36.67 %) of the total 
arsenic level. The pH (7.7 – 8.6) and redox conditions (Eh: - 62.0 -118.0 mV) in the 
study area are considered to be ideal for enhancing arsenic mobility (Nicolli et al., 
2012a; Nicolli et al., 2012b; Smedley et al., 2005; Smedley and Kinniburgh, 2002; 
Smedley et al., 2002). These results are in close agreement with data from 
previous studies in central La Pampa (Eduardo Castex) with values for arsenite 
(iAsIII) of 5 to 1332 g/l and arsenate (iAsV) of 0.09 to 592 g/l, where arsenite 
(iAsIII) was the most predominant species equating to 68.5 % of the total arsenic 
in the rural wells (O’Reilly et al., 2010). The same study reported that arsenate was 
the predominant arsenic species in the urban well samples (accounting for as 
range of 18 – 60 %), while arsenite (56 %) was the predominant species in the 
rural well samples. Similar values were also reported for Ingenerio Luiggi, La 
Pampa (32 to 242 g/l iAsIII and 30 to 277 g/l iAsV (Nicolli et al., 1989). Similarly, 
the levels of arsenate (iAsV) in groundwaters from Eduardo Castex were reported 
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by Smedley et al. (2002) as the predominant species due to the oxidation 
environment (Eh = 386 mV) which enhances the oxidation of iAsIII to iAsV. 
Table 4.7: Total arsenic (AsT) and arsenic species results for groundwater (GW) 
samples in the second study (LP2), south east, La Pampa (LP2-SE). 
Code AsT iAsIII iAsV MAV DMAV 
(LP2-SE-GW-
#) 
Conc. 
(g/l) 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
1 66.57 46.5 83.3 6.13 11.0 2.61 4.7 0.59 1.1 
2 1.39 < 0.2 < 0.2 < 0.02 < 0.02 0.02 1.4 0.03 2.2 
3 26.84 22.2 88.3 1.64 6.5 1.00 4.0 0.29 1.2 
4 52.43 44.8 91.3 2.09 4.3 1.48 3.0 0.67 1.4 
5 30.53 21.0 58.7 12.99 36.4 1.47 4.1 0.31 0.9 
6 266.96 175.4 68.5 63.17 24.7 15.65 6.1 1.63 0.6 
7 76.97 18.9 40.1 23.21 49.4 4.31 9.2 0.61 1.3 
8 217.74 0.3 0.1 245.23 95.9 10.03 3.9 0.13 0.1 
9 77.02 0.7 1.0 65.95 92.9 4.22 5.9 0.11 0.2 
10 133.52 78.0 57.9 50.8 37.7 5.30 3.9 0.60 0.4 
11 35.62 8.7 37.7 11.00 47.6 2.60 11.3 0.80 3.5 
12 133.44 65.1 53.1 51.30 41.8 5.20 4.2 1.00 0.8 
13 22.98 30.3 72.7 9.20 22.1 1.10 2.6 1.10 2.6 
14 124.11 8.4 7.2 80.70 69.3 26.40 22.7 1.00 0.9 
15 118.51 9.0 8.2 76.50 69.6 23.40 21.3 1.00 0.9 
16 265.31 198.7 77.7 43.90 17.2 11.30 4.4 1.70 0.7 
17 289.02 197.4 76.1 48.70 18.8 11.50 4.4 1.70 0.7 
18 288.19 209.6 78.5 43.80 16.4 11.70 4.4 1.80 0.7 
19 87.83 65.3 79.2 12.00 14.5 3.50 4.2 1.70 2.1 
20 270.99 164.5 74.0 46.10 20.7 10.40 4.7 1.40 0.6 
iAsIII = arsenite; iAsV = arsenate; MAV = monomethylarsonic acid; DMAV = dimethylarsinic acid; 
AsT = total arsenic; Conc. = concentration; % = percentage fraction of species 
Table 4.5 showed lower redox potential levels (- 62 – 118 mV) which indicates a 
less oxidising environment compared to other studies (Nicolli et al., 2012a; 
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Smedley et al., 2002; Nicolli et al., 1989). This can be the reason in the variation 
in the distribution of the different arsenic species in these groundwaters. 
The organosenical species were found to cover the range of 0.02 to 26.40 
g/l and 0.03 to 1.8 g/l for monomethylarsonic acid (MAV) and dimethylarsenic 
acid (DMAV), respectively. The dominant species was MAV, with the highest 
concentration (reported as a % distribution range) was 1.4 – 22.66 % of the total 
arsenic species. The DMAV accounted for a distribution percentage over the range 
of 0.05 – 3.46 %. The organosenical levels of this study were found to be higher 
than those reported in previous studies in Ingenerio Luiggi (typically < 5% MAV and 
< 1% DMAV) (Nicolli et al., 1989). The higher levels of the organic species are an 
indication of microbial activities, such as algae growth, which has been reported to 
enhance the methylation of inorganic species (Smedley and Kinniburgh, 2002). 
4.2.2.3 Other trace element levels 
In general, most of other trace elements analysed within this study, 
including cadmium, cobalt, chromium, nickel, and lead, were found to be at very 
low levels and within the WHO guidelines for each specific element (Table 4.8). 
Increasing levels of molybdenum (< 0.7 – 94.3 g/l) were observed in the samples 
collected along ruta 35. The findings showed that 56% of the samples along ruta 
35 had molybdenum levels higher than the limit for the FAO irrigation water (15 
g/l).  
Two wells, namely LP2-SE-GW-02 and 13, showed very high levels of iron 
(2359.1 and 1079.7 g/l), manganese (87.5 and 33.1 g/l) and zinc (1590.6, 
152.82 g/l). Two more samples were also found with high zinc levels in samples 
LP2-SE-GW-4 and 5 (445.1 and 302.5 g/l). Smedley et al. (2002) also reported 
that a few groundwater samples had high levels of iron, manganese and zinc (Fe: 
maximum of 1160 g/l, Mn: maximum of 79 g/l and Zn: maximum of 1400 g/l), 
and interestingly, low levels of arsenic. This was because of the possibility of the 
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presence of some colloidal particles that were able to penetrate through the 0.45 
m filters (Smedley et al., 2002).  
Table 4.8: Other trace element levels (g/l) in groundwater from south east La 
Pampa, and the WHO guidelines for each element. 
Elements Cd Co Cr Mo Ni Pb Sb U Zn 
WHO limits 3 -a 50 -a 70 10 20 15 -a 
Range 
< 0.06 < 0.03 < 0.03 < 0.7 < 0.2 < 0.03 < 0.3 < 0.03 0.3 
0.09 0.25 1.28 94.3 2.3 0.47 0.32 23.73 1590.5 
-a = no guideline limits provided 
4.3 La Pampa: Central North 
Eduardo Castex (35o53’60S, 64o17’60W) lies in the central to north region 
of the La Pampa province. It is about 80 Km north from Santa Rosa. The 
stratigraphic column of the northern part of La Pampa was noted to contain a 
crystalline basement covered by clastic sediments underlying the thick 
heterogeneous loess, and sandy post-Pampean sediments from the Holocene to 
the present day (Nicolli et al., 2012a; Smedley et al., 2008; Smedley et al., 2005; 
Smedley et al., 2002). 
The groundwater in this study area is the main source of water for both 
domestic and agricultural consumption, especially in the rural communities. This is 
due to the low annual rain fall (650 mm) and the lack of a permanent surface water 
(Smedley et al., 2005; Smedley et al., 2002). On the other hand, urban 
communities have reverse osmosis treatment facilities for arsenic removal from 
drinking water (Farnfield, 2012; Smedley et al., 2002).  
The co-occurrence of arsenic (0.02 – 5430 g/l) with boron (0.5 – 14 mg/l), 
fluoride (0.03 -29.2 mg/l), molybdenum (2.7 - 990 g/l), vanadium (20 – 5400 g/l) 
and uranium (6.2 – 250 g/l) has been reported in the northern plain of La Pampa 
Chapter 4: Trace elements and Fluoride in Water  
192 
(Nicolli et al., 2012a; Smedley et al., 2008; Smedley et al., 2005; Smedley et al., 
2002). The inorganic arsenic species iAsV was found to be the predominant 
species in the groundwater samples from Eduard Castex by Farnfield (2012) and 
Smedley et al. (2002). This was explained by the oxidising water conditions, and 
the neutral to alkaline pH that favours the presence of arsenate, iAsV. On the other 
hand, O’Reilly et al. (2010) found that the arsenite, iAsIII was the predominant 
species that comprised 93% of the total arsenic in the urban, and 63% of the rural 
groundwater. 
Northern La Pampa has been extensively studied for the levels of arsenic 
(total and species) with other trace elements and fluoride. This study was 
conducted to investigate vanadium speciation and its possible statistical 
relationship with arsenic species and other chemical constituents. Moreover, this 
study was done to investigate the possible correlation between water quality and 
human health.  
4.3.1 Sample locations 
Sample collection from northern La Pampa was conducted as two studies. 
This was undertaken to study the variation in the water properties with sampling 
time that can take place due to the change of the water levels in the aquifer.  The 
pre- 2014 study (S1, n = 119) was conducted at three locations, including Eduardo 
Castex (GW = 73, TW = 10), General Pico (GW = 8) and Ingeniero Luiggi (GW = 
26, TW = 2). The samples will be treated as one group. These are well water 
samples collected from participating school students. No physiochemical 
parameters were available with these samples. They were filtered but un-acidified 
before transportation. The 2014 - 2017 study covered groundwater samples from 
Eduardo Castex (LP2-EC, GW = 1 - 19). The sampling locations are presented in 
Figure 4.5. The physiochemical properties, arsenic (total and species), vanadium 
(total and species), other trace elements and fluoride data are in the Appendix B.  
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Figure 4.5: Map of groundwater sample locations collected from La Pampa-MN 
province, where EC is for Eduardo Castex, adapted from Google 
Map™. 
4.3.2 Results 
All samples collected at the two time periods were analysed for trace 
elements using inductively coupled plasma mass spectrometry (ICP-MS) as 
outlined in section 4.1.2.2. Fluoride analysis was undertaken using an ion selective 
electrode (4.1.2.2). Arsenic and vanadium (chapter 3) speciation analysis was 
applied for the second study (2014 - 2017) using solid phase extraction (SPE) as 
detailed in sections 2.4 and 3.2. Other trace elements in all the water samples of 
both studies are presented in section 4.3.2.1. 
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4.3.2.1 Physicochemical parameters 
All groundwater samples (n = 19) collected during the time period of 2014 - 2017 
were analysed for physiochemical properties at the time of sampling (Table 4.9). 
Table 4.9: Physiochemical properties for groundwater samples (2014 - 2017, LP2) 
collected around Eduardo Catex (EC), La Pampa (LP). 
 
Code (LP2-EC-GW-#) 
 
pH 
 
EC (S/cm) 
 
T C 
 
TDS (mg/l) 
 
Eh/SHE (mV) 
 
1 7.57 3148 19.2 1634 3 
2 7.86 3368 22.1 1684 6 
3 7.74 3277 21.1 1702 30 
4 7.86 3166 23 1639 25 
5 8.89 3594 22.6 1869 3 
6 8.92 3778 24 1922 11 
7 8.07 3898 19.3 1993 20 
8 8.45 3988 23.8 2000 16 
9 8.67 3826 17.3 1997 28 
10 8.38 > 3999 24 > 1999 41 
11 8.12 > 3999 22.8 > 1999 23 
12 8.13 > 3999 23.4 > 1999 18 
13 9.24 986 21.3 511 21 
14 9.38 1012 18.2 598 25 
15 8.35 882 26.1 456 38 
16 8.45 934 24.3 478 32 
17 7.92 3430 20.1 1782 39 
18 8.24 3698 18.2 1856 32 
19 8.76 3834 20.3 1877 34 
The pH of all samples were found to be mildly alkaline (7.6 – 9.4). All samples 
have high conductivity (882 - >3999 μS/cm) and a high total dissolved solids 
content (456 - >1999 mg/l). This is in a good agreement with reported 
physiochemical parameters (pH: 8.38 – 9.24, EC: 1143 – 3453 S/cm and TDS: 
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569 – 1728 mg/l) by Farnfield (2012). Moreover, similar findings (pH: 7.0 to 8.7, 
EC: 770 to 17500 μS/cm and TDS: 730 to 11500 mg/l) were reported across the 
La Pampa province by Smedley et al. (2002). However, the redox potential of this 
study (3 – 41 mV) was much lower than Smedley et al. (2002), which showed a 
redox potential range of 131 – 492 mV. This could be due to the variation in the 
sampling time and the variation in the annual seasonal rains. This can lead to the 
decrease in the levels of oxidizing ions and the overall redox potential. The 
temperature was between (17 -20 C). 
4.3.2.2 Total vanadium, arsenic, fluoride and arsenic speciation  
The levels of As, V and F- in groundwater samples from Eduardo Castex 
(2014 - 2017) are outlined in Table 4.10. In relation to the first study (pre 2014), 
the elemental concentrations of water samples (groundwater: n = 104 and tap 
water: n = 12) from northern La Pampa (Eduardo Castex, General Pico and 
Ingeniero Luiggi) are presented as a statistical summary in Table 4.11. The World 
Health Organisation guidelines (WHO limits) are outlined in each table.  
Both studies showed very high levels of vanadium (LP1:41 - 5243, LP2: 220 
– 4510 g/l V). Vanadium levels in all groundwater samples from Eduardo Castex 
(both studies) and Inginerio Luiggi were significantly higher than the notified levels 
of vanadium (CA-NL) in drinking water (50 g/l) proposed by California’s 
Department of Public Health (Wright et al., 2014; CDPH, 2010). Only two samples 
have lower levels than the CA-NL from the groundwater samples of General Pico. 
All analysed groundwater samples collected from Eduardo Castex over both time 
periods (LP1:13 - 2610, LP2: 54 – 1175 g/l As) exceed the WHO guidelines for 
arsenic (10 g/l) in drinking water. 
Chapter 4: Trace elements and Fluoride in Water  
196 
Table 4.10: Trace element (g/l) and fluoride (mg/l) levels in groundwater samples 
from the second study (2014 - 2017) of Eduardo Castex, La Pampa 
(LP2-EC) and the WHO guideline limits for drinking water (WHO, 
2011). 
Code 
(LP2-EC-GW-
#) 
 
Al AsT Cu Fe Mn Se V Zn F- 
WHO limit 
(g/l) 
-a 10 2000 -a 400 40 -a -a *1.5 
1 12.0 587.89 1.47 26.7 0.69 3.13 1841.70 38.4 7.23 
2 13.0 598.72 1.34 22.0 0.57 3.12 1838.17 39.6 7.52 
3 3.5 586.4 1.78 28.4 0.18 2.9 1892.81 58.0 7.54 
4 4.6 610.53 1.44 21.5 0.58 2.99 1931.89 54.7 7.48 
5 4.0 769.53 0.94 4.6 1.04 3.16 2225.40 11.5 8.55 
6 4.4 768.77 0.91 4.7 1.03 3.11 2169.26 12.2 8.61 
7 13.2 1135.28 1.12 23.3 0.97 5.72 4509.89 17.3 13.86 
8 12.2 1174.86 0.90 20.5 0.82 5.86 4421.23 17.0 13.86 
9 11.5 1146.63 0.83 19.2 0.89 5.75 4412.79 19.2 13.86 
10 4.8 55.26 < 0.09 3.4 1.05 23.21 219.87 9.0 1.92 
11 5.1 56.66 < 0.09 2.8 1.17 22.46 225.88 12.2 1.85 
12 3.2 54.18 < 0.09 2.3 1.00 21.28 228.69 6.5 1.86 
13 3.3 78.12 < 0.09 11.6 0.22 0.72 352.57 8.4 5.23 
14 3.8 79.98 < 0.09 14.2 1.09 0.73 385.70 8.1 5.24 
15 2.5 78.79 < 0.09 47.4 1.55 0.60 382.72 8.6 5.25 
16 4.0 79.51 < 0.09 81.1 1.67 0.54 384.13 20.9 5.24 
17 10.8 594.86 2.43 14.3 0.27 3.33 1762.34 48.6 7.15 
18 3.4 1116.03 0.10 5.0 2.00 5.75 4320.83 7.9 13.92 
19 6.4 1134.83 < 0.09 7.8 2.15 5.91 4421.32 4.3 13.97 
-a = no guideline limits provided, * F- unit in mg/l. 
Moreover, the findings in this study are slightly higher compared to the reported 
levels of arsenic and vanadium by Farnfield (2012) (As: 86.3 - 776, V: 110 - 1571 
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g/l) and O’Reilly et al., (2010) (As: 33 – 1128 g/l). This study showed similar 
results with Smedley et al. (2002) (V: 20 – 5400 g/l).  
Table 4.11: Trace element (g/l) and fluoride (mg/l) levels for the first study (pre -
2014) from central northern La Pampa for groundwater and tap water 
samples collected from Eduardo Castex (EC), General Pico and 
Ingeniero Luiggi. 
Elements 
WHO limit 
g/l 
Range 
n = 104 (LP1-GW-) n =12 (LP1-T-) 
Al -a 0.1 8.1 0.5 9.6 
AsT 10 13.00 2610.00 0.04 12.00 
Cu 2000 0.12 5.40 0.19 7.60 
Fe -a 0.1 7.2 < 1.0 3.5 
Mn 400 0.01 1.1 0.02 9.1 
Se 40 0.11 34.00 0.02 0.32 
V -a 41.00 5243.00 0.11 28.00 
Zn -a < 0.2 132.0 2.9 265.0 
F- 1.5 0.49 29.00 0.10 1.00 
-a = no guideline limits provided 
Fluoride levels in all Eduardo Castex samples for both studies exceed the 
WHO guidelines for fluoride (1.5 mg/l) in drinking water. Only two groundwater 
samples from General Pico had levels lower than 1.5 mg/l. These levels (0.49 – 
29.00 mg/l F-) are in very good agreement with the reported results (0.03 - 29.2 
mg/l F-) of groundwater from the middle of La Pampa (Smedley et al., 2005; 
Smedley et al., 2002). 
The concentration of organoarsenical species MAV (1.5 – 46 g/l, 
percentage: 2.4 - 46.2%) and DMAV (0.67 – 9 g/l, percentage: 0.5 – 4.8 %) were 
lower than the inorganic species iAsIII and iAsV. The dominant species was found 
to be MAV. The highest level of MAV (46.2 g/l) was measured in one of the rural 
wells that also shows the highest level of total arsenic (1134.83 g/l) in this region 
Chapter 4: Trace elements and Fluoride in Water  
198 
of La Pampa. MAV levels were in agreement with the reported levels by Farnfield 
(2012) and O’Reilly et al., (2010) (MAV: 10.4 – 35.9 and 1.2 – 59 g/l; respectively). 
Table 4.12: Concentration of total arsenic (AsT) and arsenic species for 
groundwater (GW) samples collected during the second study (2014 
– 2017) (LP2), Eduardo Castex, and central northern La Pampa. 
Code 
(LP2-GW-#) 
AsT iAsIII iAsV MAV DMAV 
Conc. 
(g/l) 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
1 587.89 464.1 66.9 197.81 28.5 27.65 4.0 3.91 0.6 
2 598.72 435.3 64.0 214.59 31.6 26.54 3.9 3.67 0.5 
3 586.4 423.2 63.3 214.48 32.1 27.01 4.0 4.42 0.7 
4 610.53 414.5 63.3 207.26 31.7 28.49 4.4 4.24 0.6 
5 769.53 484.3 70.6 159.02 23.2 37.94 5.5 5.22 0.8 
6 768.77 464.1 70.0 155.68 23.5 36.94 5.6 6.37 1.0 
7 1135.28 926.7 78.4 204.26 17.3 43.69 3.7 7.68 0.6 
8 1174.86 1050.6 80.2 210.39 16.1 41.38 3.2 7.45 0.6 
9 1146.63 957.0 79.2 199.38 16.5 44.44 3.7 7.25 0.6 
10 55.26 49.0 90.4 2.71 5.0 1.55 2.9 0.92 1.7 
11 56.66 60.1 90.7 3.97 6.0 1.47 2.2 0.69 1.0 
12 54.18 48.2 89.8 2.93 5.5 1.75 3.3 0.78 1.5 
13 78.12 3.1 4.9 33.81 52.9 24.63 38.6 2.33 3.6 
14 79.98 2.9 4.2 39.86 57.6 23.13 33.4 3.29 4.8 
15 78.79 2.5 3.3 49.26 65.4 22.93 30.4 0.67 0.9 
16 79.51 2.3 3.2 44.36 62.0 23.24 32.5 1.68 2.3 
17 594.86 431.2 65.5 196.48 29.9 26.39 4.0 3.99 0.6 
18 1116.03 1016.7 80.4 196.39 15.5 42.02 3.3 8.97 0.7 
19 1134.83 1019.9 80.1 200.23 15.7 46.2 3.6 7.71 0.6 
iAsIII = arsenite; iAsV = arsenate; MAV = monomethylarsonic acid; DMAV = dimethylarsinic acid; 
AsT = total arsenic; Conc. = concentration; % = percentage fraction of species 
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4.3.2.3 Other trace element levels 
Other trace elements in the groundwater samples were analysed as part of 
the study. Very low levels of aluminium, cadmium, cobalt, chromium, copper, iron, 
manganese, nickel, lead, antimony and zinc were found. In addition, all were lower 
than the WHO guideline limits for drinking water. However, uranium (< 0.03 – 
250.00 g/l) was found in some cases to be higher than the WHO guidelines (30 
g/l) for drinking water. Uranium has been reported as a toxic element if it comes 
from an anthropogenic or natural source. A wide range of studies have shown the 
possible link between the elevated levels of uranium in drinking water, and different 
types of cancer, such as leukemia, stomach and urinary track cancer, kidney 
dialysis and bone damage (Berisha and Goessler, 2013; Kurttio et al., 2006; 
Auvinen et al., 2002; Kurttio et al., 2002; Zamora et al., 1998). Following on from 
this more investigations about uranium levels and its health effects should be 
undertaken. 
Table 4.13: Concentration of other trace element levels (g/l) in groundwater from 
northern La Pampa collected during both study periods (pre- 2014 
and 2014 – 2017) and the WHO guidelines for each element. 
Period Cd Co Cr Cu Mo Ni Pb Sb U 
WHO limits 3 -a 50 2000 -a 70 10 20 30 
2 
 
range 
< 0.06 < 0.03 0.37 < 0.09 18.0 < 0.2 < 0.03 < 0.3 14.00 
0.54 0.06 2.3 2.4 805.0 < 0.2 0.45 0.36 94.00 
1 
 
0.01 < 0.03 0.15 0.12 0.2 < 0.2 < 0.03 < 0.3 0.09 
0.58 0.33 9.90 5.40 1251.0 7.0 < 0.03 1.70 250.00 
-a = no guideline limits provided 
Arsenic speciation results (Table 4.12) for the groundwater samples 
collected during the second study (2014 – 2017) from Eduardo Castex (LP2) 
revealed that the inorganic species arsenite, iAsIII (2.3 – 1050.6 g/l) was the 
predominant species in 84 % of the analysed samples (n = 19). This is in 
agreement with O’Reilly et al., (2010) who indicated that iAsIII (urban wells: 93% 
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rural wells: 68%) was the predominant species in most groundwater samples. The 
arsenate, iAsV levels over the whole study were within a range of 2.70 to 215.00 
g/l, accounting for 5. 65% of the total arsenic level. The data recorded by Smedley 
et al. (2002) indicated that iAsV was the predominant species across the La Pampa 
province due to oxidising conditions. However, a recent study showed that iAsIII 
was the dominant arsenic species accounting for 78.9% of the total species. This 
can be explained by the low redox potential (3 – 41 mV) compared to the previous 
findings (131 – 492 mV) by Smedley et al. (2002). This was also recorded by 
Smedley et al. (2002). Moreover, molybdenum levels were all higher than the 
acceptable levels of the FAO for irrigation water limits (FAO, 1994).In adddition, 
high levels of selenium were noted in some analysed samples which are higher 
than the WHO limits for selenium in drinking water. The above results were in 
agreement with the reported levels in groundwater in Eduardo Castex by Farnfield 
(2012) (U: < 0.001 – 70 g/l) and Smedley et al. (2002) (U: 6 to 250 g/l Mo: 2.7 – 
990 g/l and Se: < 2 and 40 g/l).  
4.4 Buenos Aires Province 
The Buenos Aires province lies on the eastern part of Argentina. It is 
bordered from the east by the Atlantic Ocean and Rio de la Plata, north by Santa 
Fe, Córdoba and Entre Ríos provinces, west by the Río Negro, La Pampa and 
Cordoba provinces and south by the Río Negro province and the Atlantic Ocean 
(Figure 4.6). It is located in the south end of the Chaco- Pampean plain which is 
reported to host multilayered aquifers (Nicolli et al., 2012a). The population is 
supplied with groundwater (about 37 %) and the rest with surface water (from the 
Parana and De la Plata rivers). Studies have reported around 87% of the 
groundwater exceeds the standards of arsenic in drinking water. However, only 
9% of the total population are living in this region (Auge, 2014).  
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Figure 4.6: Map of Buenos Aires province indicating the location of San German 
adapted from (IGN, 2016). 
Different origins or sources have been proposed for the high levels of 
arsenic in this province. The main natural origin of the high levels in groundwater 
is the dissolution of minerals that are linked to the volcanic and hydrothermal 
activities  in the Andes over the last 5 million years (Auge, 2009). Another study 
proposed that the origin of arsenic, especially for the northwest region of Argentina 
and the north of Chile, was the transport through a big Paleo-river network from 
the Andes to the east and the west (Auge, 2014; Fernández-Turiel et al., 2005). 
Other minor sources have been proposed to be anthropogenic sources, such as 
mining activities, the use and production of pesticides, glass manufacturing, 
electronics and foundries (Auge, 2014). 
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4.4.1 Sample locations 
Groundwater samples (n = 29) were collected along ruta 35 from the border 
with La Pampa province up to San German (a small community located in a 
farming region with only one well for the water supply of the residents). The 
samples from BA2-GW-01 to BA2-GW-18 were rural wells while samples from 17 
to 28 were from the urban well of San German (Figure 4.7).  
 
Figure 4.7: Map of Buenos Aires province study region along ruta 35, Argentina 
(modified from Google Maps™). 
This community well is treated by a basic reverse osmosis system and the 
‘treated’ water is stored in a tank and discharged by underground pipe to the 
residences for a 3 hour period in the evenings. During the day, the same 
distribution network is used to pump ‘untreated’ water to home for use in irrigation 
of gardens and is stored for household washing and waste usage. Water samples 
were withdrawn by traditional windmills and in some cases by electrically powered 
pumps. Groundwater in the study location is for human consumption and irrigation 
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of agriculture (mainly grasses, corn, cereals) and the watering of livestock 
(predominantly beef although chickens and some sheep were located in the 
paddocks sampled). 
4.4.2 Results 
Field-based measurements for the physiochemical parameters (section 
4.4.2.1) were conducted for all groundwater samples (n = 28) collected from this 
province. Moreover, both arsenic (section 4.4.2.2) and vanadium speciation 
analysis (Chapter 3) were implemented in each site using solid phase extraction 
with subsequent ICP-MS detection. The trace elements and fluoride results are 
detailed in sections 4.4.2.2 and 4.4.2.3. 
4.4.2.1 Physicochemical parameters 
The field-based measurements of the physiochemical parameters of all 
groundwater samples along ruta 35 are presented in Table 4.14. 
The pH ranged from neutral to slightly alkaline (7.05 – 8.84). Moreover, 
relatively high electrical conductivity (1072 – 2018 S/cm) and total dissolved solid 
(553 – 1043 mg/l) measurements were recorded. Most rural groundwater samples 
(BA2-GW-1 to 17) showed higher electrical conductivity and total dissolved solids 
levels compared to the urban sites (18 - 28). The redox potential was within a range 
of 16 – 138 mV which is higher than for the samples collected in Eduardo Castex 
(north of the La Pampa province). Most of the rural sites revealed redox potentials 
less than 100 mV. On the other hand, the urban sites had a greater variation in 
redox potential, with higher values in some sites than in others. This finding is in 
close agreement with the reported results by Galindo et al. (2007) from the 
Pergamino River watershed, northwestern Buenos Aires (pH: 6 - 7.86, EC: 800 – 
2200 S/cm and TDS: 288 -1148 mg/l). 
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Table 4.14: Physiochemical properties for groundwater samples (2014 - 2017, 
BA2) collected around Buenos Aires province (BA). 
Code (BA2-GW-#) pH EC (μS/cm) T C TDS (mg/l) Eh/SHE (mV) 
1 7.05 1645 19.8 855 68 
2 7.18 1666 19.2 862 30 
3 7.34 1755 18.2 895 16 
4 7.20 1802 19.1 914 56 
5 7.38 1769 17.6 873 64 
6 7.51 1758 18.0 906 75 
7 7.48 1782 19.2 912 82 
8 8.01 2014 17.1 1006 102 
9 7.98 2011 17.3 1004 111 
10 8.84 1072 16.7 553 61 
11 8.23 1248 17.4 624 58 
12 8.20 2009 17.9 1043 53 
13 7.98 2018 19.3 1009 66 
14 7.96 1994 18.7 1041 72 
15 7.82 1875 17.0 960 38 
16 8.11 2014 18.3 1005 40 
17 7.60 1310 21.4 660 68 
18 7.70 1320 19.6 672 77 
19 7.42 1280 19.0 647 60 
20 7.66 1412 18.2 709 65 
21 8.22 1173 18.2 598 50 
22 8.17 1209 19.0 609 68 
23 7.86 1166 17.6 555 102 
24 7.92 1230 18.2 624 112 
25 7.83 1233 19.3 625 109 
26 7.90 1230 18.0 622 112 
27 7.75 1187 19.7 576 138 
28 7.82 1200 19.0 601 146 
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4.4.2.2 Total vanadium, arsenic, fluoride and arsenic speciation  
All samples along ruta 35 from the borders with La Pampa province to the 
community of San German were analysed for trace elements using ICP-MS, 
fluoride using ISE, and both vanadium and arsenic speciation using SPE-ICP-MS. 
Table 4.15 and Table 4.16 detail the results for all analysed samples. The levels 
of vanadium (102.37 – 587.60 g/l) in this study were higher than the notified levels 
of vanadium (CA-NL) in drinking water (50 g/l) proposed by California’s 
Department of Public Health (Wright et al., 2014; CDPH, 2010) and the FAO 
guideline limits (100 g/l). Arsenic levels (40.85 – 173.10 g/l) were found to 
exceed the WHO levels in all groundwater samples. The levels are much higher in 
the rural wells compared to the samples taken from the urban locations. Moreover, 
fluoride levels (3.55 – 6.69 mg/l) were higher than the maximum levels of the WHO 
guidelines for fluoride (1.5 mg/l) in drinking water. This is in agreement with the 
published data for the southwestern Buenos Aires (Bahia Blanca and Coronel 
Rosales, groundwater) for As (16 – 267 g/l), F- (0.1 – 11.45 mg/l), the pH (6.78 – 
8.48) and EC (770 – 5450 S/cm) by Campaña et al. (2014). The levels of arsenic 
and fluoride in the Buenos Aires province are well documented (Auge, 2014; 
Campaña et al., 2014; Robles et al., 2014; Auge, 2009; Galindo et al., 2007; Blanco 
et al., 2006; Galindo et al., 2005). The levels along ruta 35 were slightly higher 
than the levels in the groundwater from the Pergamino River watershed for the 
northeastern region of the Buenos Aires province (As: 21.4 – 82.0 g/l) as reported 
by Galindo et al. (2007). Moreover, the levels of vanadium were also slightly higher 
compared with the previous study (70 – 290 g/l) recorded by Galindo et al. (2007). 
Furthermore, arsenic levels (60 – 500 g/l) were investigated in the southeast 
Buenos Aires province (n = 104) and were found to exceed the WHO guideline 
limits of arsenic in drinking water in 56.3% of the analysed samples (Paoloni et al., 
2005). Blanco et al. (2006) reported arsenic (10 – 500 g/l) and fluoride (0.6 – 4.2 
mg/l) levels in Bahía Blanca city, located in the southern part of Buenos Aires 
province. 
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Table 4.15: Trace element (g/l) and fluoride (mg/l) levels in groundwater samples 
from the second study (2014 – 2016) in Buenos Aires (BA2-GW) and 
the WHO guideline limits for drinking water (WHO, 2011). 
Code (BA2-GW-#) Al AsT Cu Fe Mn Se V Zn F- 
WHO limit -a 10 2000 -a 400 40 -a -a 1.5 
1 7.4 107.91 0.98 7.1 1.10 3.47 396.78 17.8 5.99 
2 8.8 101.98 3.32 18.2 1.21 2.95 465.90 14.0 6.22 
3 5.7 115.38 1.58 6.2 1.21 3.52 425.6 19.3 5.70 
4 3.2 107.47 1.58 2.7 0.49 3.00 491.01 4.8 4.24 
5 2.4 82.95 0.44 6.2 0.49 2.38 299.48 1.9 6.00 
6 2.1 111.93 1.37 1.1 0.62 3.72 587.60 2.7 6.01 
7 5.5 111.12 1.71 1.1 0.82 3.73 570.01 12.7 6.00 
8 3.9 110.74 1.71 1.1 0.73 3.67 558.19 4.6 6.00 
9 1.8 110.42 1.6 0.8 0.73 3.70 552.98 2.0 6.00 
10 23.1 83.77 8.04 35.7 0.80 0.82 154.69 8.0 5.96 
11 9.8 68.80 0.47 3.5 0.78 2.12 153.93 5.8 3.70 
12 4.3 173.10 2.90 23.0 1.00 5.00 576.80 17.3 6.69 
13 4.0 40.85 3.13 1020.3 31.69 2.08 208.27 300.8 5.99 
14 25.4 97.05 15.08 20.1 0.62 1.90 421.95 47.5 4.19 
15 27.5 96.84 10.10 15.1 0.23 1.35 401.98 10.3 4.19 
16 14.4 93.64 10.49 7.2 0.33 1.81 429.50 34.1 4.50 
17 2.7 67.23 0.50 1.6 0.40 2.03 247.13 4.8 3.59 
18 3.2 67.69 0.61 2.1 0.57 1.94 230.78 19.7 3.58 
19 11.3 67.07 0.37 2.9 0.82 1.97 170.19 7.5 3.55 
20 4.0 66.34 0.44 2.5 1.36 2.02 229.55 358.0 3.62 
21 64.3 82.71 8.79 90.1 2.25 0.80 140.02 70.3 5.88 
22 58.3 81.52 5.92 86.7 2.29 0.76 102.37 34.0 5.93 
23 4.5 104.32 0.83 1.7 0.24 1.79 432.07 11.4 5.27 
24 3.3 101.49 0.88 1.3 0.21 1.63 393.34 37.6 5.23 
25 2.1 112.5 1.00 1.4 0.18 1.94 454.29 26.9 5.26 
26 3.9 103.32 0.72 1.2 0.20 1.70 417.97 9.9 5.25 
27 44.2 83.80 16.22 22.1 0.81 0.97 349.98 48.6 3.71 
28 40.6 83.02 12.83 20.4 0.81 0.98 335.96 56.9 3.73 
-a = no guideline limits provided 
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Another study reported arsenic levels (10 – 300 g/l) in 86 groundwater and 18 
surface water samples from within the Bahía Blanca district (Buenos Aires 
province) which showed that 97% of the groundwater samples exceeded the WHO 
limit for arsenic in drinking water (Campaña et al., 2014). The data of this study 
along ruta 35 to San German agrees with the arsenic levels of the previous study, 
but the higher levels of fluoride were observed for these samples compared to 
those reported by Blanco et al. (2006) in Bahía Blanca. 
Arsenic speciation was applied to all groundwaters collected from the 
Buenos Aires province using solid phase extraction (SPE) and subsequent 
quantification by ICP-MS. The results revealed that the predominant species were 
the inorganic forms (iAsIII: 0.2 – 110.5 g/l, iAsV: 0.90 - 78.60 g/l). Arsenite, iAsIII 
was the predominant species in the rural groundwater (iAsIII: 0.8 - 88.8 g/l, iAsV: 
0.90 -78.60 g/l) accounting for 75% of the total rural samples. However, arsenate, 
iAsV was the predominant species in 80% of the urban groundwater (iAsIII: 0.2 - 2.8 
g/l, iAsV: 22.90 -67.90 g/l), accounting for a range of 77.6 to 42.9% of the sum 
of the arsenic species. This variation in the predominance of the inorganic species 
between the rural and urban wells can be explained by the decrease in the levels 
of electrical conductivity and total dissolved solids, as well as an increase in the 
redox potential (Table 4.14). This may be due a change in the geochemistry of the 
region in moving from rural areas (north east) towards the more urban ones (in the 
southwest) along ruta 35. Robles et al. (2014) determined the levels of the 
inorganic species in samples from different locations (Miramar, Mar del Sur and 
Otamendi) in Buenos Aires using an anodic stripping voltammetry (ASV). The 
study showed that arsenate, iAsV (2.60 – 36.70 g/l) was the predominant species 
in all water samples (tap, surface, public water supply and domestic groundwater) 
whilst arsenite, iAsIII was found to be at significantly lower (0.3 -3.9 g/l) levels. 
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Table 4.16: Total arsenic (AsT) and arsenic species results for groundwater (GW) 
samples from Buenos Aires (BA2). 
Code 
 (BA2-GW-#) 
AsT iAsIII iAsV MAV DMAV 
Conc. 
(g/l) 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
1 107.91 88.8 87.8 5.20 5.1 5.20 5.1 1.90 1.9 
2 101.98 71.5 81.3 11.90 13.5 2.70 3.1 1.80 2.0 
3 115.38 101.3 91.6 2.70 2.4 4.20 3.8 2.40 2.2 
4 107.47 24.4 27.5 51.50 58.0 11.40 12.8 1.50 1.7 
5 82.95 72.5 93.7 2.00 2.6 1.50 1.9 1.40 1.8 
6 111.93 36.7 39.8 20.90 22.6 33.50 36.3 1.20 1.3 
7 111.12 35.9 36.6 52.80 53.9 8.10 8.3 1.20 1.2 
8 110.74 31.4 27.5 71.20 62.3 10.50 9.2 1.20 1.0 
9 110.42 33.7 37.7 20.80 23.3 33.60 37.6 1.30 1.5 
10 83.77 25.0 32.0 43.70 56.0 8.60 11.0 0.80 1.0 
11 68.80 63.0 94.6 0.90 1.4 1.30 2.0 1.40 2.1 
12 173.10 110.5 82.9 12.70 9.5 5.60 4.2 4.50 3.4 
13 40.85 26.3 57.4 10.70 23.4 5.60 12.2 3.20 7.0 
14 97.05 1.2 1.2 73.70 73.1 25.00 24.8 0.90 0.9 
15 96.84 0.8 0.9 61.20 67.8 27.60 30.6 0.70 0.8 
16 93.64 1.2 1.2 78.60 78.0 20.00 19.8 1.00 1.0 
17 67.23 2.4 4.1 25.20 42.6 30.60 51.8 0.90 1.5 
18 67.69 1.4 2.0 39.60 56.1 28.80 40.8 0.80 1.1 
19 67.07 1.3 2.3 22.90 40.3 31.60 55.6 1.00 1.8 
20 66.34 0.9 1.5 46.50 77.6 11.70 19.5 0.80 1.3 
21 82.71 0.6 0.7 38.40 46.8 36.10 44.0 6.90 8.4 
22 81.52 2.8 4.1 29.20 42.9 27.40 40.3 8.60 12.6 
23 104.32 0.5 0.6 40.80 49.8 39.20 47.9 1.40 1.7 
24 101.49 0.3 0.3 67.90 61.7 41.10 37.3 0.80 0.7 
25 112.5 0.2 0.2 41.30 49.2 41.40 49.3 1.00 1.2 
26 103.32 0.2 0.2 50.50 52.2 44.20 45.7 1.80 1.9 
27 83.80 0.3 0.4 48.60 59.9 31.70 39.0 0.60 0.7 
28 83.02 0.3 0.4 64.90 76.1 19.30 22.6 0.80 0.9 
iAsIII = arsenite; iAsV = arsenate; MAV = monomethylarsonic acid; DMAV = dimethylarsinic acid; AsT = total arsenic; 
Conc. = concentration; % = percentage fraction of species 
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This study reported a pH of 7 – 9.4 and conductivity range of 660 – 2000 
mg/l. Interestingly, a higher percentage of the organic species were found 
compared to other locations of this study (MAV:1.30 – 44.20 g/l, DMAV: 0.60 – 
8.60 g/l). Moreover, the organic species MAV was the predominant arsenic 
species in samples 17 (30.60 g/l) and 19 (31.60 g/l) accounting for 51.8 % and 
55.6 % of the total arsenic species, respectively. In addition to the pH, electrical 
conductivity, total dissolved solids, sample depth and weather, the variation in the 
distribution of the arsenic species can be related to the levels of iron (0.8 – 1020.3 
g/l) and manganese (0.18 – 32 g/l), which indicated a large variation within the 
different sampling locations (Auge, 2014; Brahman et al., 2013; Nicolli et al., 
2012b; Rango et al., 2010; Nicolli et al., 2007). 
4.4.2.3 Other trace element levels 
Most of other trace elements analysed (Al, Cd, Co, Cu, Ni, Pb, Sb, Se and 
Zn) for this study were low or within the WHO guideline limits for each specific 
element. Appendix D details the levels of all analysed elements. High levels of 
molybdenum (3.80 – 59.0 g/l) and uranium (0.35 – 24.00 g/l) were recorded. 
Molybdenum levels (10 g/l) exceeded the FAO guideline limits for irrigation (FAO, 
1994). The results are in agreement with the levels reported by Galindo et al. 
(2007) for molybdenum (6.7 - 102.6 g/l) and uranium (7.31 – 22.32 g/l) in the 
northeastern region of the Buenos Aires province.  
4.5 Buenos Aires Capital Federal: Moron 
Moron is a town located in the Buenos Aires province, as part of Capital 
Federal, Argentina. The population of Moron comprises of Caucasian middle to 
lower class people (Kovalskys et al., 2015). This study is part of a large project of 
a school–based intervention that was carried out in eight Moron schools in Buenos 
Aires Capital Federal (Kovalskys et al., 2015). The aim of the above project was 
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to improve the healthy eating habits of the students (age 9 – 11 years old) in these 
schools (grade four and five) and to increase the physical activities of the students. 
The project focused in this age group due to previous results of a study conducted 
in Buenos Aires that showed there was an increased rate of obesity (> 25 % of 
children), especially in the middle and the lower economic classes, due to poor 
eating habits and beverage consumption (Kovalskys et al., 2011). 
This study was done to investigate the possible changes in the levels of 
trace elements in biological markers in terms of the change in eating habits, 
physical activities and drinking water. Sample locations are detailed in section 
4.5.1. The physiochemical parameters, results of trace elements, fluoride and 
arsenic speciation are discussed in section 4.5.2.1 and section 4.4.2.3. Trace 
element levels in biological samples are outlined in Chapter 5. 
4.5.1 Sample locations 
The project took two years to complete. The baseline of the project was in 
June 2013. However, no human samples were collected at this stage. The second 
evaluation of the students was from October to November 2013. At this time, 
human samples, including hair, fingernails and toenails, were collected from four 
schools. Figure 4.8 shows the location of the four schools. The schools are N7 
Tomas Espora de Castelar, N12 Altmirante Guillermo, N17 José de San Martín 
and N21 General Manuel Belgrano (first evaluation n = 120, second evaluation n 
= 48). Only human samples were collected at the second evaluation (October-
November 2013). The third evaluation was undertaken in April 2014. No human or 
water samples were collected at this stage. In the fourth evaluation (October – 
November 2014), 120 sample kits were distributed to the students in the four study 
locations. However, only 48 students provided water, hair, fingernails and toenails 
at the evaluation stage. The levels of trace elements in the human samples will be 
used to compare with the samples collected at the second evaluation stage. 
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Figure 4.8: Map of the study locations of Moron schools, Buenos Aires Capital 
Federal, including N7 (Tomás Espora), N12 (Altmirante Guillermo 
Brown),N17 (José de San Martín) and N21 (General Manuel 
Belgrano).  
A visit was conducted to the schools under study in May 2014. During this 
visit, tap water samples (n = 13) were collected from different places at the schools. 
In addition, arsenic speciation was undertaken in-situ for each collected water 
sample. Four samples (BACF2-T-01 to 04) were collected from school N21 
(General Manuel Belgrano) including the washrooms and water supply. In addition, 
two samples (BACF2-T-05 and 06) were collected from the toilet area and the 
kitchen of N12 Altmirante Guillermo Brown. Moreover, four samples (BACF2-T-
07 to 10) were sampled from N7 Tomas Espora de Castelar from the kitchen, 
girls’ toilet, teachers’ toilet and the tank supply for the school. Finally, three water 
samples were (BACF2-T-11 to 13) collected from N17 José de San Martín from 
the drinking tap in the middle of the school, the kitchen and the main water supply.  
4.5.2 Results 
All samples were analysed for trace elements using ICP-MS (section 4.5.2.2 
and 4.5.2.3). Moreover, the collected drinking water samples from the four schools 
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and the students were also analysed for fluoride levels using ISE (section 4.5.2.2). 
In addition, the physiochemical parameters (4.5.2.1), and the arsenic speciation 
(section 4.5.2.2), were applied in-situ for the water samples collected from the 
schools. However, no physiochemical parameters or arsenic speciation were 
conducted on the samples collected by the students. All the results are detailed in 
Appendix D.  
4.5.2.1 Physicochemical parameters 
The physiochemical parameters of each tap water sample from the schools 
under investigation were measured in-situ. The results are presented in Table 
4.17. All the school tap waters showed a slightly neutral pH ranging from 7.16 to 
7.65. However, the electrical conductivity and the total dissolved solids were lower 
in samples BACF- T -1 to 6 which were collected from school N21 (EC: 309 – 335 
S/cm, TDS: 153 – 167 mg/l) and school N12 (EC: 326 – 328 S/cm, TDS: 162 
– 164 mg/l) compared to samples BACF- T -7 to 13 from school N7 (EC: 754 – 
767 S/cm, TDS: 381 – 377 mg/l) and N17 (EC: 600 – 651 S/cm, TDS: 476 – 
609 mg/l). In addition, the redox potential levels showed a slight variation as they 
ranged from 287 – 652 mV. School N12 tap water samples showed the lowest 
redox potential compared to other schools (287 and 289 mV). The temperature 
was also measured, and ranged over 15.3 to 19.6 C. The pH levels of tap water 
samples from Moron were within the range of the reported pH values from the Río 
Negro (control site) tap waters by O’Reilly et al., (2010) (n = 31, pH: 7.0 – 8.8) and  
Farnfield (2012) (n = 2, pH = 6.89 - 6.90). However, Río Negro tap water samples 
reported by O’Reilly et al., (2010) had higher electrical conductivity (908 -1574 
S/cm) and total dissolved solids (470 – 1620 mg/l) compared to the Moron tap 
water samples. On the other hand,  Farnfield (2012) showed lower ranges of the 
physiochemical parameters than the reported levels in the Moron study (EC: 154 
– 156 S/cm and TDS: 77 mg/l). Furthermore, the redox potential was in 
agreement with the reported range (627 – 668 mV) of the Farnfield (2012) study. 
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Finally, from the domestic tap supply from San Juan (n = 5, EC: 1126 – 1837 S/cm 
and TDS: 922 - > 2000 mg/l), Eduardo Castex (n = 15, EC: 1446 – > 3999 S/cm 
and TDS: 118 - > 2000 mg/l) and Encon (n = 3, EC: 1047–1534 S/cm and TDS: 
997 - 1267 mg/l) showed higher levels of the electrical conductivity and total 
dissolved solids compared to this study (Lord, 2014).  
Table 4.17: Physiochemical properties for tap water samples (2014-2016, BACF2) 
collected around Moron, Buenos Aires province Capital Federal 
(BACF). 
Code 
(BACF2-T-#) 
pH EC (S/cm) T C TDS (mg/l) Eh/SHE (mV) 
1 7.64 335 17.8 167 578 
2 7.65 333 17.4 166 577 
3 7.27 310 18.9 155 614 
4 7.27 309 18.3 153 620 
5 7.25 328 16.8 164 287 
6 7.22 326 15.3 162 289 
7 7.28 754 19.0 377 583 
8 7.40 767 17.2 383 653 
9 7.30 757 17.9 378 579 
10 7.16 764 18.4 381 652 
11 7.34 643 19.5 321 476 
12 7.33 651 19.6 326 543 
13 7.32 600 18.9 300 609 
4.5.2.2 Total vanadium, arsenic, fluoride and arsenic speciation  
Vanadium levels (0.67 – 107.0 g/l) were found to exceed the proposed 
notification levels by the California Office of Environmental Health Hazard 
Assessment for vanadium levels (50 g/l) in drinking water in 21 % of the analysed 
tap water samples (Gerke et al., 2010; USEPA, 2009). Vanadium levels in tap 
water from schools N7 and N17 exceeded the notified levels of vanadium in 
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drinking water of 50 g/l. Total arsenic levels in the tap water collected from the 
schools and the students ranged from 0.27 – 44.48 g/l. This revealed that some 
samples (39 % of the total samples) were of higher arsenic levels than the WHO 
guideline limits for arsenic (10 g/l) in drinking water.  
Table 4.18: Trace element (g/l) and fluoride (mg/l) levels for Buenos Aires Capital 
Federal for tap water samples collected from Moron. 
Elements 
WHO limit 
g/l 
n = 61 (BACF2-T-) 
Range 
Al -a 0.3 70.4 
AsT 10 0.27 44.48 
Cu 2000 < 0.09 44.58 
Fe -a < 1.0 61.6 
Mn 400 < 0.04 38.16 
Se 40 < 0.07 1.19 
V -a 0.67 107.00 
Zn -a < 0.2 825.7 
F- *1.5 0.05 0.89 
-a = no guideline limits provided, *F- unit in mg/l. 
Surprisingly, all tap waters collected from the school locations, namely N7 
and No 17, even though they were from the main water supply had arsenic levels 
(16.5 – 23.35 g/l) higher than the WHO guideline limits of arsenic in drinking 
water, and both the students and teachers at both schools were using the tap water 
for drinking and tea/yerba mate preparation. Fluoride levels were analysed in all 
samples. These levels (0.05 – 0.89 mg/l) were within the WHO guideline limits for 
fluoride (1.5 mg/l) in drinking water. The reported levels in the previous study 
showed lower levels of vanadium (0.72 – 0.73 g/l) and arsenic (0.5 – 2.5 g/l) in 
Río Negro tap water (Farnfield, 2012; Johansson, 2011; O’Reilly et al., 2010). 
However, the same studies showedhigh levels of arsenic and vanadium in tap 
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water collected from Eduardo Castex (As: 41-747 g/l) (Farnfield, 2012; 
Johansson, 2011; O’Reilly et al., 2010). 
Arsenic speciation was undertaken for thirteen samples collected from the 
four schools. The arsenic speciation (Table 4.19) revealed that the dominant 
species in 76 % of the collected samples was arsenate (iAsV). Tap water samples 
from N7 and N17 showed arsenate levels ranging between 14.28 – 23.56 g/l, 
and accounting for a percentage of 74.7 – 98.1 % of the total arsenic species. 
Arsenite (iAsIII) levels (< 0.2 – 9.0 g/l) were lower than arsenate (iAsV) in most of 
the samples with a percentage distribution of < 0.02 to 94.7 % of the total arsenic 
species. The redox potential showed an oxidizing condition (476 – 652 mV) in 
schools N7, N12 and N17 that enhanced the oxidation of arsenite to arsenate.  
However, lower redox potentials (287 - 289 mV) resulted in a less oxdising 
environment in the samples collected from school N21, which revealed a higher 
percentage of arsenite (iAsIII) of the total arsenic species (86.8 % - 94.7 %). 
Moreover, higher levels of aluminium (15.2 - 24.1 g/l), iron (8.4 – 53.8 g/l) and 
manganese (0.91 – 5.29 g/l) were found in the samples from schools No12 and 
No21 compared to the levels from schools No7 and No17, in which most of them 
had levels lower than the limit of detection (Appendix C). This can be explained by 
the possible adsorption and mobility mechanism of arsenic in the presence of 
aluminium, iron or manganese complexes (Giménez et al., 2014; Rango et al., 
2013; Bhattacharya et al., 2006a; Smedley and Kinniburgh, 2002). 
Moron water samples revealed very low monomethylarsonic acid (MAV) and 
dimethylarsinic acid (DMAV) levels (range MAV: 0.08 – 0.52 g/l, DMAV: < 0.02 – 
0.11 g/l). The levels were in agreement with the reported levels (MAV: 0.44 – 1.3 
g/l and DMAV: 0.17 – 0.28 g/l) in tap water samples from the Río Negro province 
(Farnfield, 2012; O’Reilly et al., 2010). 
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Table 4.19: Concentrations of total arsenic (AsT) and arsenic species for tap water 
(T) samples from Buenos Aires Capital Federal (BACF2). 
Code AsT iAsIII iAsV MAV DMAV 
(BACF2
-T-#) 
Conc. 
(g/l) 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
Conc. 
(g/l) 
% 
1 0.44 0.1 21.1 0.27 47.40 0.08 14.0 0.10 17.5 
2 0.51 0.3 < 0.2 0.50 < 0.02 0.10 7.2 0.10 7.2 
3 0.45 0.2 25.8 0.27 40.90 0.11 16.7 0.11 16.7 
4 0.47 9.0 94.7 0.30 3.20 0.09 0.9 0.11 1.2 
5 0.27 1.9 86.8 0.12 5.50 0.06 2.7 0.11 5.0 
6 0.31 0.3 47.3 0.12 21.80 0.06 10.9 0.11 20.0 
7 16.02 0.1 0.3 16.24 96.50 0.52 3.1 0.02 0.1 
8 15.75 0.1 0.5 14.59 98.10 0.22 1.5 < 0.02 < 0.02 
9 16.06 0.1 0.7 14.28 95.90 0.44 3.0 0.07 0.5 
10 15.50 0.1 0.4 16.18 96.60 0.51 3.0 < 0.02 < 0.02 
11 23.35 6.7 22.2 22.65 74.70 0.86 2.8 0.09 0.3 
12 23.5 0.3 1.0 23.56 96.20 0.60 2.4 0.08 0.3 
13 18.03 0.5 2.5 18.30 92.30 0.96 4.8 0.07 0.4 
iAsIII = arsenite; iAsV = arsenate; MAV = monomethylarsonic acid; DMAV = dimethylarsinic acid; 
AsT = total arsenic; Conc. = concentration; % = percentage fraction of species 
4.5.2.3 Other trace element levels 
The ranges of the other trace element levels measured in the collected tap 
waters are outlined in Table 4.20. Most of the other trace element levels were 
found to be below the WHO guideline limits for each specific element in drinking 
water. However, some samples showed high levels of uranium (< 0.03 – 29.13 
g/l). The potential health effects of elevated levels of uranium in drinking water 
were discussed in section 4.2.2.3.  
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Table 4.20: Other trace element levels (g/l) in tap water from Buenos Aires 
Capital Federal, and the WHO guidelines for drinking water each 
element. 
Elements Cd Co Cr Mo Ni Pb Sb U 
WHO limits 3 -a 50 -a 70 10 20 15 
Range (n = 61) 
< 0.06 < 0.03 < 0.03 < 0.7 < 0.2 < 0.03 < 0.3 < 0.03 
0.09 0.30 7.81 15.5 3.9 7.30 2.0 29.17 
-a = no guideline limits provided 
4.6 Volcanic Ash Analysis 
Volcanic ash was collected after the eruption of Puyehue-Cordón Caulle 
(4th June 2011) and Chile's Calbuco volcano (30th April 2015). The samples 
(ASH01-10) were collected in June 2011 after the eruption of Puyehue-Cordón 
Caulle. Sample ASH-11 was collected in May 2015 after the eruption of Chile's 
Calbuco volcano. The ash samples were digested using hydrofluoric acid and 
analysed using ICP-MS following the O’Reilly (2010) method for soil digestion 
using hydrofluoric acid. The levels of the elements in this study for each sample 
are presented in Table 4.21. These samples were analysed to explore the possible 
source of high levels of As, V, Mo, U and fluoride, and to evaluate whether any 
statistical relationship exists between the chemical composition of the ash samples 
and groundwater samples in the affected study areas. This study does not show 
the possible leaching levels of vanadium and arsenic but the total levels in ash 
samples. Moreover, this may explain why vanadium levels were mostly double the 
levels of arsenic in most water samples. 
Very high levels were observed in the ash samples for aluminium, iron and 
manganese. The order of levels in Table 4.21 are vanadium > copper > arsenic > 
uranium > selenium > molybdenum. The high levels are evidence of a possible 
source of the elements of interest and their correlations to each other. The sources 
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of arsenic and other trace elements in the groundwaters of the Chaco-Pampean 
were reported to originate from the sediments and the volcanic glass hosted in the 
geological layers (Rango et al., 2013; Nicolli et al., 2012a; Espósito et al., 2011; 
Gomez et al., 2009; Bhattacharya et al., 2006b; Cronin et al., 2003; Smedley et 
al., 2002).  
Table 4.21: Trace element levels (mg/kg) in the volcanic ash produced during the 
eruption of the Puyehue-Cordón Caulle and Chile's Calbuco 
volcanos. Samples collected predominantly in Río Negro province, 
downwind of the volcanoes and associated with the prevailing wind 
directions (westerly).  
Code  
ASH 
 
*Location Al 
 
As 
 
Cu 
 
Fe 
 
Mn 
 
Mo 
 
Se 
 
U 
 
V 
 
01 NQN 40016.8 12.31 31.72 34226.2 605.56 0.6 0.94 1.49 165.08 
02 VR 51728.6 7.20 24.41 39827.9 874.45 0.7 1.25 1.45 213.50 
03 VC 38376.4 7.20 14.72 28137.4 458.09 1.2 0.56 1.41 14.50 
04 GR 60086.7 11.56 32.65 42078.2 867.43 0.5 1.85 1.77 147.55 
05 CC 45293.6 4.30 65.91 44260.0 626.89 0.3 0.68 0.06 151.39 
06 LM 32591.5 12.28 32.36 37005.0 547.10 0.7 1.52 1.50 207.33 
07 GR 31908.4 4.97 17.51 22663.9 387.73 1.0 0.78 1.80 23.22 
08 GR 38320.2 4.34 25.06 24232.6 508.14 2.3 0.92 1.71 27.29 
09 GR 11402.9 9.09 32.57 22414.4 324.92 0.7 0.77 1.16 147.50 
10 GR 12371.5 4.50 35.06 27360.7 518.22 0.2 0.26 0.72 93.87 
11 GR 41168.3 11.50 33.95 35307.6 546.03 0.7 2.54 1.59 152.98 
*Locations: NQN = Neuquén, VR = Villa Regina, VC = Villa Regina/Cervantes, CC = Choele 
Choel, LM = Los Manucos, GR = General Roca. 
4.7 Comparison between Río Negro, La Pampa and Buenos 
Aires Provinces 
A comparison between the attained groundwater results from Río Negro 
(section 4.1.2), La Pampa south east and central north (section 4.2.2 and 4.3.2), 
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and the Buenos Aires provinces (section 4.4.2) will be detailed in this section. The 
variation in the distribution of physiochemical properties (pH, electrical 
conductivity, total dissolved solids and redox potential) in each province, and the 
differences between the three provinces will be discussed in section 4.7.1. 
Moreover, the pH and the redox potential (Eh/SHE, mV) of all the provinces will be 
plotted using the pH-Eh/SHE diagrams for arsenic and vanadium species. This 
diagram will be used to explain the variation in the arsenic and vanadium species 
among the provinces. The distribution and correlations of the arsenic, vanadium 
and fluoride between each other in all samples and in each province will be then 
be discussed in section 4.7.2. Moreover, the correlation of vanadium species using 
the developed novel field-based SPE method, with total arsenic and species, total 
vanadium and fluoride data, will be detailed in the same section. 
4.7.1 Physiochemical properties 
Any possible variation in the distribution of the physiochemical parameters 
was tested using a one-way ANOVA followed by a non-parametric test (Kruskal-
Wallis H-test) as plotted in Figure 4.9. The critical value for the four groups, 
namely, Río Negro, south-eastern La Pampa (LP-SE), central La Pampa (LP-MN) 
and Buenos Aires is 
𝑐𝑟𝑖𝑡.
2 = 11.07. A great variation was noted in the distribution of 
the physiochemical parameters between the provinces. The pH distribution of the 
control (Río Negro province) was extremely significant from the central north of La 
Pampa province (
𝑐𝑎𝑙𝑐.
2  = 36.85 > 
𝑐𝑟𝑖𝑡.
2 = 11.07, P < 0.0001). However, there was 
no significant difference between the control pH and La Pampa (SE, 
𝑐𝑎𝑙𝑐.
2   1.446, 
P > 0.999) or Buenos Aires (
𝑐𝑎𝑙𝑐.
2 8.554, P > 0.999). On the other hand, the pH 
levels of south east (SE) of La Pampa (General San Martin) varies extremely with 
the central north (MN) (
𝑐𝑎𝑙𝑐.
2  35.41, P = 0.0004). Similar pH distributions (
𝑐𝑎𝑙𝑐.
2 = -
28.30, P = 0.003) were observed between La Pampa-SE and the Buenos Aires 
province (Figure 4.9). An extreme variation was observed in the electrical 
conductivity (EC) and the total dissolved solid (TDS) levels between Río Negro 
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and La Pampa (both SE and MN) (
𝑐𝑎𝑙𝑐.
2 48.40 and 56.17 respectively, P < 0.0001 
for both). Moreover, a very good variation in both levels was noted between Río 
Negro and Buenos Aires levels (
𝑐𝑎𝑙𝑐.
2 = 33.52, P < 0.0001). In addition, there was 
a good difference in EC and TDS between Buenos Aires and La Pampa-MN 
(
𝑐𝑎𝑙𝑐.
2 = -22.65, P = 0.0342). Figure 4.9 shows that La Pampa -MN had the lowest 
redox potential (Eh) distribution, which is different from the Río Negro levels (𝑐𝑎𝑙𝑐.
2 = 
-34.09, P = 0.0002). However, similar Eh distributions were observed between the 
Río Negro and Buenos Aires provinces (
𝑐𝑎𝑙𝑐.
2 = 5.625, P = 0.001). 
 
Figure 4.9: Comparison of the physicochemical parameters (pH, Eh, EC and TDS) 
in the groundwater from the Río Negro, south east La Pampa (SE), 
central north La Pampa (MN) and Buenos Aires provinces. (The 
upper limits of the measurement for EC and TDS are > 3999 S/cm 
and > 1999 mg/l, respectively). 
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On the other hand, an extreme difference was noted between the Eh levels of La 
Pampa-MN (Eduardo Castex) compared to both La Pampa –SE and Buenos Aires 
(
𝑐𝑎𝑙𝑐.
2 = -41.80 and 39.71 respectively, P < 0.0001 for both). Similar Eh distributions 
were observed among La Pampa –SE, the Río Negro (
𝑐𝑎𝑙𝑐.
2 = 7.714, P = > 0.999) 
and Buenos Aires (
𝑐𝑎𝑙𝑐.
2 = -2.089, P = > 0.999). 
4.7.2 Vanadium, Arsenic and fluoride  
The levels of total arsenic, total vanadium and fluoride found in the Río 
Negro, La Pampa (SE and MN) and Buenos Aires provinces are compared in 
Figure 4.10. The statistical test results of the one-way ANOVA and Kruscal-Wallis 
tests are outlined in the Appendix.D. 
The largest distribution levels were obsereved in La Pampa –MN. Figure 
4.10 clearly shows that there is a significant difference between the levels of 
vanadium, arsenic, and fluoride in the Río Negro and the other provinces 
(Appendix D). However, no significant difference was noted between the levels of 
arsenic, vanadium and fluoride between La Pampa –SE and Buenos Aires 
provinces. This can be explained by the similarity of the geological structure of the 
sampling locations (samples collected along ruta 35, Figure 4.7) A very good 
difference was shown among the levels of arsenic, vanadium and fluoride between 
La Pampa- MN and Buenos Aires provinces (Appendix E). Moreover, there was a 
difference between the levels of arsenic and vanadium between La Pampa-MN 
and La Pampa-SE. However, no difference was observed between the levels of 
fluoride in the two parts of La Pampa province (Figure 4.10). 
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Figure 4.10: Comparison of the levels of total arsenic (AsT), total vanadium (VT) 
and fluoride (F-) in the groundwater from Río Negro, south east La 
Pampa (SE), central north La Pampa (MN) and Buenos Aires 
provinces. 
The measured pH and redox potential (Eh/SHE) from each speciation 
measurement from the three provinces are plotted on Figure 4.11 (a pH-Eh/SHE 
diagram of arsenic species). The distribution of the points in the diagram are in 
agreement with the results of the arsenic speciation using solid phase extraction 
followed by ICP-MS detection. From the diagram, it is clearly shown that arsenate 
(iAsV) is the predicted arsenic species for Río Negro samples in the form of the 
oxyanion HAsO42- (67 %, section 4.1.2.2). This supports the speciation results 
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using solid phase extraction (SPE) for the Rio Nego samples, which showed that 
arsenate was the most dominant species (iAsV, 67% distribution).  
 
Figure 4.11: The redox potentials (Eh/SHE) and pH values for the arsenic speciation 
samples collected for groundwater samples from Río Negro, south 
east La Pampa (SE), central north La Pampa (MN) and Buenos Aires 
provinces, plotted on an arsenic pH-Eh/SHE diagram adopted from 
Akter et al. (2005). 
According to the pH-Eh/SHE values, the dominant arsenic species in La 
Pampa-MN, La Pampa –SE, and the Buenos Aires-SW provinces should be 
arsenite in the form of H3AsO3. Moreover, some arsenate in the form of HAsO42- 
can be seen to be less well distributed. This supports the data for  the distribution 
of the arsenic species in La Pampa-MN (iAsIII dominant in 84% of the total 
samples), and La Pampa-SE (iAsIII  dominant in 65% of the total samples). The 
samples from Buenos Aires-SW had iAsIII  as a dominant species in 75 % of the 
rural groundwater, iAsV dominant in 80 % of the urban groundwater. 
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This study focused on vanadium, as vanadium has been linked with various 
health problems or treatments, and there are no detailed studies about the levels 
of vanadium and its species in groundwater samples from Argentina. The 
speciation of vanadium was conducted using a developed field-based SPE method 
(Chapter 3). The pH and the redox potentials of each analysed groundwater 
sample were mesured (sections  4.1.2.1, 4.2.2.1, 4.3.2.1 and 4.4.2.1). The 
recorded results are plotted in the pH-Eh/SHE diagram for vanadium species (Figure 
4.12). According to the plotted results, Figure 4.12 clearly shows that vanadate 
(VV) is possibly in the form of VO2(OH)2- and VO3(OH)22-. Moreover, a small 
distribution of vandayl (VIV) in the form of VO2(OH)5 can be seen in the samples 
from La Pampa-SE, La Pampa –MN and Buenos Aires –NW provinces. This 
supports the results achieved using the novel SPE method for vanadium speciation 
of waters from the three provinces. Vanadate (VV) was found as the predominantae 
species in all samples from La Pampa-SE (n =11) and La Pampa–MN (n = 19). In 
addition, vanadate was the dominant species in 92 % of the Buenos Aires (n = 24) 
groundwater samples. The analysed water samples can be divided into oxidising 
(oxic) and moderately oxidising conditions (suboxic).  
Research studies have shown that vanadate is the predominant species in 
the oxidation environment (Costa Pessoa, 2015; Wright et al., 2014; Pourret et al., 
2012). Moreover, the solubilty of VV was noted to increase by forming complexes 
with dissolved organic matter (Stumm, 1992). Lu et al. (1998) reported that these 
complexes are reduced to VIV at pH < 6. Moreover, vanadyl (VIV) is the predominant 
species at low pH and moderately reducing environments (Costa Pessoa, 2015; 
Wright et al., 2014; Pourret et al., 2012). The solubility of these species can be 
enhanced by the presence of dissolved organic matter in alkaline and oxic 
conditions (Wright et al., 2014; Aureli et al., 2008; Bosque-Sendra et al., 1998; 
Wanty and Goldhaber, 1992). 
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Figure 4.12: The redox potentials (Eh/SHE) and pH values for the arsenic speciation 
of groundwater samples from Río Negro, south east La Pampa (SE), 
central north La Pampa (MN) and the Buenos Aires provinces plotted 
in a vanadium pH-Eh/SHE diagram adopted from Pourret et al. (2012). 
In this study, the pH is from above neutral to alkaline in which no adsorption 
of vanadium to organic matter should take place (Wright et al., 2014). Moreover, 
the Río Negro samples were mostly of higher redox potential compared to other 
provinces (Figure 4.9), in which vanadate is the more stable and dominant 
species. On the other hand, La Pampa (SE and MN) and Buenos Aires provinces 
(SW) showed lower redox potentials with a range between - 62 mV and 146 mV. 
This can explain the presence of both species in these conditions. The Spearman 
correlation test (Appendix C) showed that both VIV and VV have a very significant 
positive correlation with the TDS (VIV: rp = 0.788, P = < 0.0001 and VV: rp = 0.571, 
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P = < 0.0001). This means that VIV was found in these water samples due to the 
less oxidising conditions in some groundwater samples, while VV was stabilised by 
the presence of the organic matter in the alkaline oxidising environment. 
One of the main aims of this study was to focus on vanadium speciation in 
groundwaters from Argentina to fill in the research gap caused by a lack of studies 
in this field. Moreover, there is a need to investigate whether any statistically 
significant relationships exist between vanadium species and total arsenic and the 
four species of arsenic (iAsIII, iAsV, MAV and DMAV), and fluoride. In addition, it is 
a good opportunity to evaluate whether any statistical relationship exists with other 
elemental parameters. 
Table 4.22: Statistical correlations (Spearman) between the total vanadium and 
total arsenic (AsT)/ molybdenum (Mo)/ selenium (Se)/ uranium (U)/ 
fluoride (F-) levels for all groundwater sample locations, as well as 
each individual province locations: Río Negro (RN), La Pampa 
southeast (LP-SE), La Pampa central north (LP-MN) and Buenos 
Aires south west (BA-SW).  
Location n 
AsT Mo Se U F- 
rs P rs P rs P rs P rs P 
All 230 0.974 < 0.0001 0.689 < 0.0001 0.627 < 0.0001 0.693 < 0.0001 0.861 < 0.0001 
RN 56 0.735 < 0.0001 0.495 < 0.0001 0.672 < 0.0001 0.207 0.133 0.348 0.009 
LP-SE 20 0.965 < 0.0001 0.697 0.001 0.580 0.007 0.347 0.133 0.823 < 0.0001 
LP-MN 117 0.926 < 0.0001 0.951 < 0.0001 -0.070 0.645 0.478 < 0.0001 0.741 < 0.0001 
BA -NW 27 0.856 < 0.0001 0.661 < 0.0001 0.644 < 0.0001 -0.383 0.049 0.502 0.008 
n = number of samples in group; rs = Spearman rank correlation coefficient; P = probability level. 
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Table 4.22 shows the Spearman rank correlations (rs) between total 
vanadium and other elements (AsT, Mo, Se, U and F-). A very strong Spearman 
correlation (rs = 0.963, P < 0.05) was found between total vanadium and total 
arsenic, molybdenum, selenium and uranium for all samples. In addition, the Río 
Negro samples have a strong Spearman correlation between vanadiun and As, 
Mo, and F- (Table 4.22). Morever, groundwater samples from the La Pampa 
province (SE and ME) showed a stronger Spearman correlation between 
vanadium and arsenic (rs = 0.965, 0.926 respectively, P < 0.0001 for both), as well 
as vanadium and fluoride (rs = 0.823 and rs = 0.741, respectively, P < 0.0001), 
compared to Buenos Aires (SW) (As: rs = 0.502, P < 0.0001 and F-: rs = 0.962, P 
= 0.008). In addition, the Spearman correlation between vanadium and 
molybdenum was stronger in La Pampa –MN (rs = 0.951, P < 0.0001), compared 
to La Pampa-SE (rs = 0.697, P = 0.001)  and Buenos Aires-SW (rs = 0.661, P < 
0.0001). On the other hand, selenium showed no correlation with vanadium for La 
Pampa –MN samples (rs = -0.070, P = 0.645), while a very good correation was 
noted for La Pampa-SE (rs = 0.478, P < 0.0001) and Buenos Aires-SW (rs = 0.644, 
P < 0.0001). Conversely, uranium showed a strong Pearson correlation with 
vanadium for La Pampa–MN (rs = 0.670, P < 0.0001), whilst no correlation was 
shown for La Pampa-SE (rs = 0.347, P = 0.133) and Buenos Aires-SW (rs = -0.383, 
P = 0.049).  
Spearman correlations between vanadium species and total arsenic, total 
vanadium and fluoride for groundwater samples from all locations and from 
individual locations are presented in Table 4.23. The Spearman correlations 
clearly revealed (Table 4.23) that vanadate (VV) had a much stronger correlation 
with total arsenic (VIV: rs = 0.782 and VV: rs = 0.920, P < 0.0001), total vanadium 
(VIV:rs = 0.759 and VV: rs = 0.959, P < 0.0001) and fluoride (VIV:rs = 0.756 and VV: 
rs = 0.874, P < 0.0001), compared to vanadyl (VIV) for all locations. Interestingly, 
VIV from La Pampa-SE had a negative correlation with fluoride (rs = -0.664, P < 
0.037), but no significant correlations with total arsenic, or total vanadium (Table 
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4.23), while VV showed positive correlations (AsT: rs = 0.836, P < 0.0001, VT: rs = 
0.973, P < 0.0001 and F-: rs = 0.667, P = 0.029). On the other hand, both VIV and 
VV showed positive correlations with total arsenic (VIV:rs = 0.833 and VV: rs = 0.967,  
P < 0.0001), total vanadium (VIV:rs = 0.872 and VV: rs = 0.940, P < 0.0001) and 
fluoride (VIV:rs = 0.855 and VV: rs = 0.937, P < 0.0001) for La Pampa-MN samples. 
No correlation was noted between VIV and total arsenic, or total vanadium, or 
fluoride for Buenos Aires-SW samples (Table 4.23). Moreover, VV showed no 
correlation with fluoride (rs = 0.348, P = 0.075), while a significant Pearson 
correlation was found between VV and either total arsenic (rs = 0.707, P < 0.0001) 
or vanadium (rs = 0.861, P < 0.0001) for Buenos Aires-SW. 
Table 4.23: Statistical correlations (Spearman) between vanadium species (VIV 
and VV) and total arsenic (AsT)/ vanadium (VT))/ fluoride (F-)/ for all 
groundwater sample locations, as well as each individual province 
location: Río Negro (RN), La Pampa southeast (LP-SE), La Pampa 
central north (LP-MN) and Buenos Aires south west (BA-SW). 
Location n Species 
AsT VT F- 
rs P rs P rs P 
All 76 
VIV 
0.782 < 0.0001 0.759 < 0.0001 0.756 < 0.0001 
RN 21 0.437   0.048  0.714 < 0.0001   0.124 0.591  
LP-SE 11 -0.582 0.066 -0.591 0.061 -0.644 0.037 
LP-MN 18 0.833 < 0.0001 0.872 < 0.0001 0.855 < 0.0001 
BA -NW 27 0.369 0.058 0.217 0.276 0.385 0.047 
All 76 
VV 
0.920 < 0.0001 0.959 < 0.0001 0.874 < 0.0001 
RN 21  0.553 0.009   0.924 < 0.0001  0.406  0.068  
LP-SE 11 0.836 0.002 0.973 < 0.0001 0.667 0.029 
LP-MN 18 0.967 < 0.0001 0.940 < 0.0001 0.937 < 0.0001 
BA -NW 27 0.707 < 0.0001 0.861 < 0.0001 0.348 0.075 
n = number of samples in group; rs = Spearman rank correlation coefficient; P = probability 
level. 
Spearman correlations between vanadium and arsenic species were 
investigated for the first time for groundwater samples from Argentina (Río Negro, 
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La Pampa and Buenos Aires provinces). The Spearman correlations and the 
probability levels are displayed in Table 4.24. In terms of all collected samples, 
vanadium species VIV showed a very significant, positive Spearman correlation 
with arsenic species, although the values for the inorganic arsenic species (iAsIII 
and iAsV) were lower when compared with VV (Table 4.24).  
Table 4.24: Statistical correlations (Spearman) between vanadium species (VIV 
and VV) and total arsenic species (iAsIII, iAsV, MAV, DMAV), as well 
between vanadium (VT)/ fluoride (F-) levels for all groundwater 
sample(s) locations, as well as each individual province locations: 
Río Negro (RN), La Pampa southeast (LP-SE), La Pampa central 
north (LP-MN) and Buenos Aires south west (BA-SW). 
Location 
n 
Species 
iAsIII iAsV MAV DMAV 
rs P rs P rs P rs P 
All 76 
VIV 
0.602 < 0.0001 0.677 < 0.0001 0.735 < 0.001 0.759 < 0.0001 
RN 21 0.029  0.905  0.629   0.004 0.580   0.009 0.408   0.083 
LP-SE 11 -0.818 0.003 0.464 0.155 0.109 0.755 -0.704 0.019 
LP-MN 18 0.769 < 0.0001 0.639 0.004 0.899 < 0.0001 0.837 < 0.0001 
BA -NW 27 0.163 0.416 -0.060 0.767 -0.226 0.258 0.426 0.027 
All 76 
VV 
0.777 < 0.0001 0.834 < 0.0001 0.671 < 0.001 0.714 < 0.0001 
RN 21 0.237  0.329  0.409  0.082  0.574  0.01 0  0.5780 0.010  
LP-SE 11 0.609 0.052 0.364 0.273 0.691 0.023 0.509 0.114 
LP-MN 18 0.829 < 0.0001 0.792 < 0.0001 0.928 < 0.0001 0.891 < 0.0001 
BA -NW 27 0.117 0.561 0.326 0.097 0.132 0.511 -0.006 0.977 
n = number of samples in group; rs = Spearman rank correlation coefficient; P = probability level, iAsIII 
= arsenite; iAsV = arsenate; MAV = monomethylarsonic acid; DMAV = dimethylarsinic acid 
La Pampa-SE samples showed negative Pearson correlations between VIV 
and either iAIII (rs = - 0.818, P = 0.003) or DMAV (rs = - 0.704, P = 0.019), but there 
were no correlations with iAsV or MAV. On the other hand, VV showed a positive 
correlation with MAV (rs = 0.691, P = 0.023) only for La Pampa-SE. However, both 
Chapter 4: Trace elements and Fluoride in Water  
230 
VIV and VV revealed positive and very strong Pearson correlations with the four 
arsenic species for La Pampa-MN (Table 4.24). On the other hand, VIV and VV in 
the Buenos Aires-SW samples showed no correlation with all the arsenic species, 
while both species showed significant correlations with DMAV (rs = 0.426, P = 
0.027). 
Spearman correlations between the vanadium species VIV and VV were 
investigated for all locations and each individual sampling location (Table 4.25). 
VV and VIV showed similar correlations to total vanadium with VIV. Table 4.25 
shows that VV had a strong Pearson correlation with VIV for all locations (rs = 0.733, 
P = 0.001). Moreover, there was a very strong Pearson correlation between the 
two species for La Pampa-MN samples (rs = 0.792, P < 0.0001). On the other hand, 
no correlation between them was noted for La Pampa-SE (rs = - 0.36, P = 0.094) 
and Buenos Aires-SW (rs = 0.093, P = 0.645).  
Table 4.25: Statistical correlations (Spearman) between vanadium VIV and VV for 
all groundwater sample locations, as well as each individual province 
locations: Río Negro (RN), La Pampa southeast (LP-SE), La Pampa 
central north (LP-MN) and Buenos Aires south west (BA-SW). 
Location n Species 
VIV 
rs P 
All 76 
VV 
0.733 < 0.0001 
RN 21  0.678 0.001  
LP-SE 11 -0.536 0.094 
LP-MN 18 0.792 < 0.0001 
BA -NW 27 0.093 0.645 
Total arsenic correlations (Spearman) with other elements including 
molybdenum, selenium, uranium and fluoride are presented in Table 4.26. For the 
overall sample locations, arsenic showed strong Pearson correlations with 
molybdenum (rs = 0.721, P < 0.0001), selenium (rs = 0.648, P < 0.0001), uranium 
(rs = 0.714, P < 0.0001) and fluoride (rs = 0.854, P < 0.0001). In addition, significant 
correlations exist between arsenic and the elements of interest as were found for 
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the Río Negro samples. Moreover, both the La Pampa-SE and Buenos Aires 
samples showed very strong Spearman correlations between arsenic and 
molybdenum, or with selenium or uranium or fluoride (Table 4.26). On the other 
hand, no significant correlations between arsenic and either molybdenum or 
uranium were found for the La Pampa-MN samples. However, extremely strong 
Pearson correlations were noted between arsenic and either selenium (rs = 0.926, 
P < 0.0001) or fluoride (rs = 0.877, P < 0.0001). Moreover, strong negative 
Spearman correlations were found between arsenic and iron (rs = - 0.308, P < 
0.0001) or manganese (rs = - 0.361, P < 0.0001) for all locations, and with iron only 
(rs = - 0.386, P = 0.047) for Buenos Aires-NW (Appendix). Finally, arsenic showed 
a positive correlation with iron for the La Pampa –MN samples (rs = 0.533, P < 
0.0001). 
Table 4.26: Statistical correlations (Spearman) between the total arsenic and total 
molybdenum (Mo)/ selenium (Se)/ uranium (U)/ fluoride (F-) levels for 
all groundwater sample locations, as well as each individual province 
locations: Río Negro (RN), La Pampa southeast (LP-SE), La Pampa 
central north (LP-MN) and Buenos Aires south west (BA-SW). 
Location n 
Mo Se U F- 
rs P rs P rs P rs P 
All 230 0.721 < 0.0001 0.648 < 0.0001 0.714 < 0.0001 0.854 < 0.0001 
RN 34 0.353 0.034 0.557 < 0.0001 0.735 0.010 0.450 0.020 
LP-SE 20 0.725 0.001 0.588 0.006 0.490 0.028 0.826 < 0.0001 
LP-MN 117 -0.139 0.355 0.926 < 0.0001 0.193 0.198 0.877 < 0.0001 
BA -NW 27 0.781 < 0.0001 0.510 0.007 -0.517 0.006 0.572 0.002 
The very strong correlation between vanadium and arsenic in all samples is 
understood to originate from the common sources of both elements either in 
volcanic ash (Table 4.21) or the mineral sediments containing iron or managnese 
oxides. Several studies have reported the high levels of arsenic, vanadium, 
molybdnium, selenium, uranium and fluoride orignate from the volcanic glass or 
the soils and sediments in different locations in Argentina, including La Pampa, 
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Tucumán, Buenos Aires, San Juan, Córdoba, Neuquén and Santiago de Estero 
(Farnfield, 2012; Nicolli et al., 2012a; O’Reilly et al., 2010; Bhattacharya et al., 
2006a; Blanco et al., 2006; Bundschuh et al., 2004). Nicolli et al. (2012a),  Blanco 
et al. (2006) and Smedley et al. (2005) showed that other minerals such as iron 
and manganese (hydro)oxides also contribute to the levels of arsenic in the Chaco-
Pampean plain.  
The variation in the correlations between vanadium species and arsenic 
(total and species), vanadium total, and the other trace elements between the 
provinces can be related to the variation in the physiochemical parameters in the 
three provinces. Moreover, the water samples from all locations vary from neutral 
to  alkaline, and range from oxic to less oxic, which could explain the stronger 
correlations of most of the elements to VV, especially in La Pampa, instead of VIV. 
Moreover, VV was observed to have stronger correlations with the arsenic species 
in La Pampa province (MN) compared to La Pampa-SE and Buenos Aires-SW 
than VIV. This is because La Pampa-MN samples were more alkaline and the 
stability of VV is higher in alkaline water according to the pH-Eh/SHE diagram for 
vanadium species. Several studies have reported higher levels of VV in alkaline 
and oxic water environments, while VIV is more stable in acidic and less oxidising 
environments (Pourret et al., 2012; Wang and Sañudo-Wilhelmy, 2008; Veschetti 
et al., 2007; Wann and Jiang, 1997). Moreover, the presence of organic material 
can stablise VIV in alkaline and oxic environments (Pourret et al., 2012; Wann and 
Jiang, 1997). Moreover, iron and managanese oxides were reported to control the 
distribution of vanadium species (Wright et al., 2014). The coexistence of both 
species were reported to be controlled by vanadium concentration, pH, redox 
potential and ionic strength (Wright et al., 2014; Pourret et al., 2012; Aureli et al., 
2008; Veschetti et al., 2007).  
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4.8 Summary 
This study investigated the levels of vanadium (total and species), arsenic 
(total and species), other trace elements and fluoride in three provinces in 
Argentina: Río Negro (General Roca), La Pampa (General San Martin and 
Eduardo Castex) and Buenos Aires (San German and Moron Capital Federal). La 
Pampa and Buenos Aires provinces were the main focus of this study, as they 
were reported to have high levels of vanadium, arsenic and fluoride (Farnfield, 
2012; Nicolli et al., 2012a; Espósito et al., 2011; O’Reilly et al., 2010; Fiorentino et 
al., 2007). On the other hand, the Río Negro province was well documented with 
low levels of vanadium and arsenic in surface and groundwater (Lord, 2014; 
Farnfield, 2012; Johansson, 2011; O’Reilly, 2010; Watts et al., 2010), Río 
Negro/Neuquén provinces were selected as a control site for this study. The most 
important aim of this research was to evaluate the vanadium and arsenic species 
and their relationship with the total vanadium, arsenic, other trace elements and 
fluoride in the groundwater of La Pampa (General San Martin) and Buenos Aires 
(San German). Therefore, this study focused on the exposure risk present for the 
communities of these provinces. Moreover, each of the arsenic and vanadium 
species were investigated in detail in relation to the water physiochemical 
parameters distribution in the pH-Eh/SHE diagram of each element (Figure 4.11 and 
Figure 4.12, section 4.8), which has not been reported before for vanadium in 
Argentine waters. 
The levels of vanadium and arsenic were found to be low in the control 
region Río Negro/Neuquén groundwater (1.98 -130.10 g/l V, 1.20 – 38.87 g/l 
As), surface water (0.63 – 4.12 g/l V, 0.50 – 3.30 g/l As,) and tap water (0.63 – 
90.27 g/l V, 1.30 – 27.91 g/l As) samples. 90% of the samples did not exceed 
notified levels of vanadium (CA-NL) in drinking water (50 g/l) as proposed by 
California’s Department of Public Health and the World Health Organisation 
(WHO) guideline limits for arsenic (Wright et al., 2014; WHO, 2011; CDPH, 2010). 
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This is in agreement with the previously reported levels of vanadium and arsenic 
in the different water types (Farnfield, 2012). Fluoride in all water types from the 
Río Negro/Neuquén provinces were found to be (0.13 – 0.84 mg/l F-) lower than 
the WHO guideline limits for fluoride in drinking water (1.5 mg/Kg). Arsenic 
speciation results revealed that arsenate iAsV was the predominant species in the 
Río Negro water samples. This is in agreement with previously reported studies 
(Lord, 2014; Ward et al., 2014; Farnfield, 2012; O’Reilly et al., 2010). However, the 
distribution of arsenite iAsIII was less, and the organic species (Table 4.3) were 
found to be at higher levels compared to the previously reported levels, which can 
be related to microbial activity. 
Significant levels of vanadium were found in both provinces (LP-SE: 6.12 - 
1380.60 g/l, LP-MN: 41 – 5243 g/l and BA-SE: 102.37 – 587.60 g/l) in 
comparison to the Río Negro/Neuquén levels. Moreover, very high levels of 
arsenic were found in both La Pampa (LP-SE: 22.98 - 289.02 g/l; LP-MN: 13 – 
2610 g/l) and Buenos Aires south west (BA-SE: 16 – 267 g/l) groundwater, 
compared to the control region, and exceeded the WHO guideline limits. 
Furthermore, La Pampa (SE and MN) and Buenos Aires (SW) provinces had 
fluoride levels exceeding the WHO guideline limits for fluoride in drinking water. 
The levels of vanadium, arsenic and fluoride were in the following order in the study 
locations, namely, Río Negro <<< Buenos Aires (SW) < La Pampa (SE) < La 
Pampa (MN). The vanadium and arsenic levels in La Pampa (MN) were in 
agreement with previous studies in Eduardo Castex (Farnfield, 2012; O’Reilly, 
2010).  
Arsenic speciation has not been evaluated before in southeastern La 
Pampa and southwestern Buenos Aires provinces. Both southeastern and central 
north La Pampa had arsenite as the predominant arsenic species, while arsenate 
was the dominant species in urban regions of Buenos Aires province. Moreover, 
vanadate (VV) was the dominant species in La Pampa and Buenos Aires 
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provinces, with higher levels of vanadyl observed in the Buenos Aires province 
(southwest). The variation in the distribution of both arsenic and vanadium species 
can be explained by the variation in the physiochemical parameters across the two 
provinces. 
The co-occurrence of vanadium, arsenic, fluoride and other elements in 
groundwater in Argentina is due to the volcanic activity, especially fallen ash and 
any volcanic glass within the geological layers and sediment. The analysed 
volcanic ash showed very high levels of these elements in the following order, iron 
> aluminium >> manganese > vanadium > copper > arsenic > uranium > selenium 
> molybdenum. Other studies of the analysis of volcanic ash and sediments 
showed similar results to this study. This can explain the strong Spearman 
correlation between vanadium, arsenic, and fluoride in all locations (section 4.7.2). 
Moreover, other elements, such as molybdenum showed stronger Spearman 
correlations in LP-MN compared to LP-SE and BA-SW. Moreover, selenium had a 
very good correlation with vanadium in both LP-SE and BA-SW, but no correlation 
was observed in LP-MN. On the other hand, uranium showed strong correlations 
in LP-MN samples, while no correlation in LP-SE and BA-SW. 
The correlation between vanadium species with arsenic species, total 
vanadium, and other trace elements, and fluoride has not been studied before in 
Argentine groundwater. This study revealed that vanadate (VV) correlates strongly 
with total arsenic, vanadium, fluoride (Table 4.23) and inorganic arsenic species 
(iAsIII) (Table 4.24) compared to vanadyl (VIV). On the other hand vanadyl (VIV) had 
stronger Spearman correlations with the organosenical species (MAV and DMAV) 
compared to vanadate (Table 4.24). The co-existence of both species, and the 
correlations with other elements is highly related to vanadium levels which 
originate from volcanic activity, ash falls, pH, redox potential (Figure 4.12) and 
ionic strength (Lord, 2014; Wright et al., 2014; Farnfield, 2012; Nicolli et al., 2012a; 
Pourret et al., 2012; Aureli et al., 2008; Veschetti et al., 2007) and the presence of 
other species in water. 
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In conclusion, farmers consuming the groundwater in the studied locations 
are at a high risk, not only from arsenic, but also from vanadium and fluoride. 
Vanadium toxicity is higher in the presence of vanadate (VV) as it can replace 
phosphate in binding sites of enzymes associated with phosphorylation, whilst 
vanadyl can control insulin production by the inhibition of phosphate enzymes, and 
it can also cause different types of cancer and neurological illnesses (Chapter 1). 
Chapter five will investigate the environmental exposure to high levels of arsenic, 
vanadium and fluoride by assessing levels of these and other trace elements in 
associated biological samples collected from the study areas in Argentina. 
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5.0 Introduction 
This chapter will evaluate the levels of vanadium, arsenic, and other trace 
elements in human samples (hair, fingernails and toenails), in relation to their 
environmental exposure. Moreover, the focus will be on the existence of human 
health problems as a result of the latter elemental exposure. Very high levels of 
arsenic (22.98 - 289.02 g/l), vanadium (155.18 - 1380.60 g/l), fluoride (1.11 – 
13.73 mg/l) and other trace elements (see Chapter 4) were found in La Pampa 
groundwater samples that exceed the World Health Organization (WHO) 
guidelines for arsenic (As) and fluoride (F-) (10 g/l As and 1.5 mg/l F-) (WHO, 
2011). Additionally, vanadium levels (see Chapter 4) in most of the groundwater 
samples were higher than the notified level for vanadium in drinking water (50 g/) 
(CDPH, 2010). Furthermore, the speciation of arsenic revealed that the more toxic 
arsenic species, namely arsenite (iAsIII) and arsenate (iAsV) were the predominant 
arsenic species in all groundwater samples from La Pampa (see sections 4.2.2.2 
and 4.3.2.2). In addition, vanadate (VV), which is more toxic than vanadyl (VIV), 
was found to be the dominant species in La Pampa groundwater (see Chapter 3). 
An evaluation of the impact of high level exposure to these elements was 
investigated by the collection of hair and finger/toenails from people living in the 
farms and consuming the groundwater in La Pampa (high exposure to vanadium 
and arsenic). Human samples were also collected from regions with low trace 
element and fluoride levels, namely, Río Negro province, as a control site (low 
elemental exposure). Furthermore, a study involving four schools in the Buenos 
Aires Capital Federal was undertaken to study the impact of healthy food and 
exercising on trace elements in human samples.  
Collected human samples were digested using nitric acid (as indicated in 
Chapter 2) and analysed using inductively coupled plasma spectrometer (ICP-
MS). The study population will be detailed in section 5.1. Then vanadium, arsenic 
and other trace element levels in human samples (hair and nails) from the study 
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provinces will be discussed in sections 5.2 - 5.4. A comparison of 
vanadium/arsenic levels in biological samples from the control and other study 
loactions using Mann-Whitney U-test will be outlined in section 5.5. The 
relationship between arsenic/ vanadium levels in different biological sample types 
using Spearman rank correlation coefficient Section will be discussed in 5.6. 
Likewise, the possible statistical differences in the vanadium/arsenic levels 
between hair, fingernails and toenails will be investigated in this section using 
Kruskal-Wallis test. 
The exposure to high (La Pampa and Moron) or low (Río Negro) levels of 
vanadium, arsenic and other trace elements via drinking water will be outlined in 
section 5.7. The statistical tests including Spearman rank (rs) correlation coefficient 
and Kruskal-Wallis test will be used for evaluating the relationship between 
vanadium (V)/arsenic (As) levels in drinking water and between washed biological 
samples collected from the participants. A statistical evaluation of the impact of 
environmental exposure on human health will be detailed in section 5.8. Finaly, the 
influence of other cofactors such as age and gender on vanadium, arsenic and 
other trace elements on the accumulation levels in human samples will be outlined 
in section 5.9  
5.1 Study Populations 
General Roca was chosen as a control region for the purpose of this study 
because it is located in Río Negro, which is a well-known province with low levels 
of trace elements (see Chapter 3). The two towns Eduardo Castex and General 
San Martin (La Pampa province) are identified in Chapter 4 to have elevated levels 
of arsenic (54 – 1175 g/), vanadium (220 – 4510 g/l V) and other trace elements, 
such as molybdenum (< 0.7 – 94.3 g/l) and uranium (< 0.03 – 250.00 g/l) in local 
waters. Although there is a treatment plant in Eduardo Castex, people in the farms 
do not have easy access to treated water as it is too far away to collect and not 
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financially viable in terms of transport costs. Human samples were collected from 
family members, resident on rural farms, who consume this water and use it for 
cooking and cleaning. 
The third study location was Moron in the Buenos Aires Capital Federal 
province. Samples were taken from school students (as illustrated in Chapter 4). 
This study was undertaken in two time periods, to evaluate the effect of any 
changing habits i.e. eating and/or exercising on the level of trace elements in 
biological samples, and in consequence on their health. Moreover, high levels of 
arsenic and vanadium were found in some of the school drinking water and student 
drinking water samples (0.2 – 44.48 g/l As and 0.67 – 107.0 g/l V) which exceed 
the WHO guideline limits for arsenic in drinking water, and the proposed 
notification level of the California Office of Environmental Health Hazard 
Assessment for vanadium levels (15 g/l) in drinking water (WHO, 2011; Gerke et 
al., 2010; USEPA, 2009). 
5.1.1 General Roca, Río Negro 
A total of one hundred and six participants from six different schools in Río 
Negro were involved in this research. The schools were Escuela del Sur (n = 23), 
Escuela Domingo Savio (n = 18), a local public school CEM 116 (n = 24), Escuela 
del Valle (n = 8), AP (n = 13) and E 32 (n = 9). Moreover, other participants (> 20 
years old) from General Roca were also involved in this study (n = 16). Four 
participants did not return the questionnaire forms so they were excluded from the 
statistical analysis. Table 5.1 summarises the demographic data of the participants 
and water sources. The majority of the participants were female (n = 73). The 
participants with no chronic health disorders were grouped as healthy (n = 90). 
This group is used as a control group to compare their hair, fingernail and toenail 
elemental levels to other participants from La Pampa (General San Martin and 
Eduardo Castex) and Buenos Aires Capital Federal (Moron). The unhealthy group 
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(n = 17) were diagnosed with diabetes type 2 (n = 2), hyperthyroidism (n = 3), and 
twelve participants had other illnesses (n = 12). The healthy groups were divided 
into two: over 20’s (n = 26) to compare the elemental levels with the same age 
group, and under 20’s (n = 71) to compare with the Moron school students’ 
samples. Most of the participants were drinking either tap (n = 75) or bottled water 
(n = 21). The other participants were drinking well water (n = 3), treated water (n = 
7), or others (n = 1), and three did not fill out the questionnaire. The participants 
were all non-smokers. Weights and heights were not provided in the forms so the 
body mass index (BMI) is not included in Table 5.1. Not all participants provided 
drinking water samples as most of them were using the same tap water source. 
For this reason, tap water levels for Río Negro (as illustrated in Chapter four) will 
be used to evaluate elemental exposure. All volunteers provided hair, fingernail 
and toenail samples but some of the samples provided were too small so they were 
excluded if the dilution factor was higher than 1000 (see Chapter 2).  
Table 5.1: Demographic information (gender, age) for participants from Río Negro, 
drinking water source and subgroups of Total, Healthy, Unhealthy, 
Over 20’s and Under 20’s. (years), M=male, F=female. 
Grouping 
Information 
Total Healthy Unhealthy 
107 Male Female Male Female 
Gender 
M 34 30 - 4 - 
F 73 - 60 - 13 
-Drinking 
water source 
Tap 75 22 42 3 8 
Bottle 21 6 12 - 3 
Treated 7 2 4 1 - 
Well 3 - 3 -   
Other 1 - 1 - - 
Age (years) 
Over 20 's 26 3 13 1 9 
Under 20's 81 27 47 3 4 
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5.1.2 General San Martin and Eduardo Castex, La Pampa, 
Biological samples (hair, fingernails and toenails) were collected from local 
farming families and urban residences (n = 51) from La Pampa (General San 
Martin and Eduardo Castex). All General San Martin participants provided hair, 
fingernails and toenails. However, Eduardo Castex participants provided only hair 
and toenails (see Appendix D). 
Table 5.2: Demographic information (gender, age and smoking habit) for 
participants from La Pampa province (LP), and subgroups of Total, 
Healthy, Unhealthy, Over 20’s and Under 20’s (years).  
Information 
Grouping 
Total Healthy Unhealthy 
51 Male Female Male Female 
Gender 
M 25 2 - 23 - 
F 26 - 2 - 24 
Age (yrs) 
Median 38 40 39 39.5 37 
Range 7 - 72  32 - 48 26 - 52 7- 71 10 - 72 
Over 20 's 41 - - 5 6 
Under 20's 10 2 2 17 18 
Smoke 
No 11     6 5 
*NS 31     14 17 
M = Males, F = females, NS = not specified 
Table 5.2 presents a summary of the demographic information about the 
participants from La Pampa. The participants were of both genders: Males (n = 25) 
and Females (n = 26) and divided into two age groups: overs 20 years old (n = 41) 
and under 20 years old (n = 10). Moreover, participants were grouped into healthy 
(n = 4) and unhealthy (n = 47) groups according to their health status. All the other 
participants, with the exception of four individuals, were reported to suffer from 
long term-health disorders (Unhealthy), such as bone and teeth problems, 
depressive issues, bowel problems and learning disorders (Appendix D). In 
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addition, only Eduardo Castex participants provided their smoking habit 
information. All participants were using groundwater drinking sources with the 
exception of four healthy participants who were using Rio Colorado drinking water. 
No information regarding weight and heights was provided from participants of the 
La Pampa province. 
5.1.3 Moron, Buenos Aires Capital Federal 
Hair, fingernails and toenails were collected from students from four schools 
(n = 113) located in Moron (Buenos Aires Capital Federal, Argentina) in November 
2013. Details of the schools, and the levels of trace elements in water samples, 
were previously discussed in Chapter 4, section 4.5.1. The schools were 
resampled again (n = 48) in November 2014 to evaluate the possible change in 
trace elements in the biological samples with the change in drinking water, an 
increase in healthy eating, and more exercise at school. The demographic data of 
the overall school students are presented in Table 5.3. The majority of the 
participants were female (Female (F), n = 67 and Male (M), n = 46). The 
participants were in the age range of 10 – 12 years old. They were grouped into 
healthy (n = 92) and unhealthy (n = 21), which is defined as having a chronic health 
disorder. The BMI was calculated for each of the student’s who provided their 
height and weight by using the weight(kg)/(height (m))2 formula (Wijnhoven et al., 
2013). The BMI (kg/m2) for all students was of a range of 10.8 – 58.6 kg/m2, which 
varies from underweight to overweight. There were 5 students classed as 
underweight (F: n = 4, M: n = 1, BMI < 14 kg/m2), 16 students as overweight (M; n 
= 6 and F: n = 10, BMI > 20 kg/m2), 10 were classed as obese (M; n = 2 and F: n 
= 8, BMI > 24.5 kg/m2) and 87 were within the healthy weight. The sources of 
drinking water for all participants are presented in Table 5.3.  
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Table 5.3: Demographic information (gender, and BMIa) for participants from 
Buenos Aires Capital Federal province, Moron (MO), drinking water 
source and subgroups of Total population, Healthy, Unhealthy. 
Grouping 
Information 
Total Healthy Unhealthy 
113 Male Female Male Female 
Gender 
M 46 36 - 10 - 
F 67 - 56 - 11 
BMIa (kg/ m2) Range 10.8 -58.6 14.8 – 57.3 12.0 – 58.6 10.8 - 56.8  17.1 – 32.9 
Drinking water 
source 
Tap 38 13 27 5 5 
Bottle 26 6 17 3 1 
Mix 31 5 8 2 3 
other 12 7 5 - 1 
NM 6 5 - - - 
aBMI = Body mass index = weight (kg)/ (height (m))2 (Wijnhoven et al., 2013); M = male , F=female 
5.2 Vanadium and Arsenic in Hair 
Human scalp hair represents a good biomarker for investigating the level of 
exposure of elemental levels via drinking water, food and air (Pan and Li, 2015; 
Rahman et al., 2015). This is due to different structural factors which lead to 
chemical interactions, including (i) the potential binding of elements to the 
sulfhydryl (thiol) groups present in cysteine, which is a component of the protein 
rich keratin (McLean et al., 2009), (ii) contact with the blood stream at the hair 
follicle during the hair cycle (Larsson, 1993), (iii) the binding of poly-anionic 
melanin polymers, which contain negatively charged carboxyl groups and 
semiquinones, to cations and (iv) the binding of the hydrophobic core of the 
melanin polymer with uncharged metals. The advantages of using hair compared 
to urine or blood include the fact that it is non-invasive, has a long term stability 
during transporting and storage, has high levels of accumulation of trace elements 
and can provide permanent and temporal exposure information (Varrica et al., 
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2014; Kempson and Lombi, 2011; Rodushkin and Axelsson, 2000). However, 
using hair as biomarkers has several disadvantages, such as, the precise kinetics 
of the accumulation of trace elements is not well known, the scarcity of a reliable 
reference interval for comparison purposes, the effect of other factors such as 
gender, age, eating habits, skin color, hair treatment, UV degradation, ethnicity 
and life style, and the trace elements in hair do not always match with other 
biomarkers (Varrica et al., 2014; Kempson and Lombi, 2011).  
Hair samples from individuals resident in the three provinces (Río Negro, 
La Pampa and Buenos Aires) were collected by a member of the project team as 
specified in the ethical approval (EC/2012/80/FHMS). Scalp hair samples were 
used to evaluate the short and long term exposure to trace elements with a growing 
rate of 1 cm per month (Pan and Li, 2015). All the collected hair samples were 
packed and labeled. They were then transported to the University of Surrey where 
the washing, digestion and the analysis using ICP-MS took place (see Section 2.2). 
Participants from the different provinces provided variable amounts of sample. The 
dilution factor variation was detailed in Chapter 2 (section 2.2.4). Samples of  
1000 dilution factor were used for the statistical calculation.  
Vanadium and arsenic levels have been reported over a range of 0.09 – 
0.16 mg/kg V and 0.08 – 0.25 mg/kg As (Fernandes et al., 2007; Pozebon et al., 
1999; Das et al., 1995). Although the level reported for low arsenic exposure (< 10 
g/l As) was less than 1 mg/kg for residents in Río Negro, a well-documented 
province with low levels of arsenic, levels of arsenic in hair samples were found to 
be higher than 1 mg/kg (0.01 – 1.77 mg/kg As, median = 0.07) (O’Reilly et al., 
2010). On the other hand, levels of arsenic in hair samples from Río Negro 
reported by Farnfield (2012) (<0.05 – 0.33 mg/kg As, median: <0.05) and 
Johansson (2011) ( mean = 0.39 mg/kg As and 0.43 mg/kg V) were below 1 mg/kg 
As. 
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This section will investigate the levels of vanadium, arsenic and other 
elements in scalp hair samples collected from General Roca in Río Negro (see 
section 5.2.1), General San Martin and Eduardo Castex in La Pampa (see section 
5.2.2), and Moron in Buenos Aires Capital Federal (see section 5.2.3). The 
correlation between the elemental levels (vanadium and arsenic) in hair samples 
and water samples will be detailed in section 5.7. 
5.2.1 General Roca, Río Negro 
The analysed scalp hair samples from Río Negro participants (n = 106) 
showed vanadium levels to be within a range of 0.02 to 1.48 mg/kg (dry weight 
basis). Moreover, arsenic levels ranged from 0.01 to 1.77 mg/kg. Overall, of the 
analysed hair samples, 76 % of the samples exceeded the normal reference level 
for vanadium (> 0.16 mg/kg), whilst no samples exceeded 1.5 mg/kg V (Pozebon 
et al., 1999). In addition, 55% of the hair samples had higher than the normal level 
of arsenic in hair, and only 4.5% of the samples exceeded 1 mg/kg As (0.08 - 0.25 
mg/kg) (Das et al., 1995). Furthermore, only one sample (1.1 mg/kg As) exceeded 
the normal reference value for arsenic, and five samples exceeded the vanadium 
reference level within the healthy group (n = 81). The unhealthy group showed 
wider ranges of vanadium and arsenic levels compared to the healthy groups 
(Table 5.4). Additionally, some of the healthy group participants showed arsenic 
levels higher than the normal ranges (> 0.25 mg/kg). This is in agreement with data 
from a previous study that revealed a range of arsenic in scalp hair samples from 
individuals in Río Negro of 0.01 – 1.77 mg/kg (O’Reilly, 2010). Moreover, the 
average arsenic level was 0.41 mg/kg which is close to the reported average value 
(0.39 mg/kg As) recorded by Johansson (2011).  
Different ranges for vanadium and arsenic levels have recently been 
reported in other control locations, such as in Bangladesh (average = 1.6 mg/kg 
As; (Rahman et al., 2015)), China (0.047 – 0.58 mg/kg V, 0.005 – 0.43 mg/kg As; 
(Pan and Li, 2015)), Italy (0.001 – 0.51 mg/kg V, 0.0003 – 0.09 mg/kg As; Varrica 
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et al. (2014)), and Pakistan (0.51 – 0.78 mg/kg As; (Bibi et al., 2015)). The range 
of the control group in this study (Río Negro) is in close agreement with the study 
in Bangladesh. 
Table 5.4: Arsenic (As) and vanadium (V) levels (mg/kg, dry weight) in the washed 
hair samples collected from the participants in Río Negro with 
subgroups Healthy, Unhealthy, Over 20’s and Under 20’s (years). 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total  106 0.29 < 0.04 1.77 0.32 < 0.05 1.48 
Healthy 81 0.30 < 0.04 1.10 0.32 < 0.05 1.29 
Unhealthy 25 0.16 < 0.04 1.77 0.24 < 0.05 1.48 
Over 20 's 25 0.76 0.21 1.10 0.32 0.13 0.43 
Under 20's 81 0.32 0.08 1.09 0.32 0.07 1.29 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry 
weight 
The elemental levels of hair samples from residents of Río Negro will be 
used as a comparison with the elemental levels in the hair samples from La Pampa 
and Buenos Aires Capital Federal. Other trace element ranges (and the medians, 
mg/kg) in hair samples were Cu: 0.29 – 98.30 mg/kg (median of 34.00), Fe: 4.66 
– 188.20 mg/kg (39.8), Mn: 0.11 – 5.13 mg/kg (2.15), Mo: 0.01 – 0.71 mg/kg (0.21), 
Se: 0.06 – 3.11 mg/kg (0.42) and Zn: 1.39 – 729.5 mg/kg (152.30). Moreover, 
uranium levels were lower than the limit of detection in all hair samples. The results 
are in close agreement with the reported levels of trace elements (average: 43.8 
mg/kg Cu, 62.4 mg/kg Fe, 2.40 mg/kg Mn, 0.28 mg/kg Mo, 0.62 mg/kg Se and 155 
mg/kg Zn) in hair samples from General Roca by Johansson (2011). The levels 
had slightly wider distribution ranges compared with the reported ranges by Lord 
(2014) for control samples in Argentina; namely, the San Juan province, other 
element ranges were (10.15 – 281.45 mg/kg Cu (median of 20.61); 4.96 – 95.16 
mg/kg Fe (11.70); 0.11 – 7.04 mg/kg Mn (0.75); 0.20 – 3.43 mg/kg Se (1.05); and; 
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105.14 – 375.04 mg/kg Zn (200.03). On the other hand, most of the trace element 
levels had slightly wider ranges in comparison with the reference levels reported 
of Cu (6.8 – 39 mg/kg; median:16 mg/kg), Fe (13 – 177 mg/kg; median: 33 mg/kg), 
Mn (0.20 – 4.40 mg/kg, median: 1.2 mg/kg), Mo (0.10 – 0.49 mg/kg; median: 0.38 
mg/kg and Zn (124 – 320 mg/kg, median: 175 mg/kg)(Iyengar and Woittiez, 1988). 
Although selenium levels in the hair samples from individuals in Río Negro had a 
wider range than the reference levels reported by Iyengar and Woittiez (1988) 
(0.20 – 1.40 mg/kg, median: 0.53 mg/kg Se), they had a lower median relative to 
the reference values and are in agreement with previous studies in Río Negro 
(Johansson, 2011). 
5.2.2 General San Martin and Eduardo Castex, La Pampa, 
The elemental range for vanadium (0.02 – 14.52 mg/kg (median = 0.78 
mg/kg)) and arsenic (0.04 – 25.87 mg/kg (median = 0.52 mg/kg)) were higher than 
the reference levels of vanadium (> 0.16 mg/kg V) and arsenic (> 0.25 mg/kg As) 
in scalp hair samples (Fernandes et al., 2007; Pozebon et al., 1999; Das et al., 
1995). The healthy group (n = 4) showed ranges for vanadium (0.02 – 0.10 mg/kg 
(median = 0.03 mg/kg)) and arsenic (0.04 – 0.16 mg/kg (median = 0.07 mg/kg)) 
which are within the reference values. On the other hand, 85% of this group had 
vanadium levels higher than the reference value (> 0.16 mg/kg). Moreover, 63 % 
of the unhealthy group showed higher levels of arsenic than 0.25 mg/kg. In 
addition, 55% of the over 20’s group and 80% of the under 20’s group had 
vanadium levels higher than the reference value. Furthermore, arsenic levels were 
higher than 0.25 mg/kg As in 61% of the over 20’s (media = 0.59 mg/kg As), with 
a maximum value of 25.87 mg/kg and 36% of the under 20’s (median = 0.23 mg/kg 
As) with a maximum value of 2.63 mg/kg.  
The vanadium levels in hair samples were reviewed by Kempson and Lombi 
(2011). The reported levels of vanadium in Iran hair samples (n = 100) had a range 
of 0.02 – 0.54 mg/kg with an average value of 0.13 (Faghihian and Rahbarnia, 
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2002; Rodushkin and Axelsson, 2000). Another Swedish study also published a 
range of 0.005 – 0.134 mg/kg V in hair samples (n = 114, low exposure) with an 
average of 0.027 mg/kg V (Rodushkin and Axelsson, 2000). In addition, a study 
on high vanadium exposure (due to volcanic activity) in Italy (n = 361, 0.4 - 201 
g/l)) for students age 9 to11 years old showed an elevated range for vanadium 
over 0.001 to 3.15 mg/kg, with an average of 0.48 mg/kg, and a median of 0.31 
mg/kg. Similarly, in this same study, arsenic levels of 0.001 – 0.16 mg/kg As 
(average = 0.03 mg/kg, median = 0.03 mg/kg) (Varrica et al., 2014; Aiuppa et al., 
2000). The control sites (n = 210) of the Italy (Etna) study revealed a range of 
0.001 - 0.51 mg/kg V and 0.0003 – 0.09 mg/kg As (Varrica et al., 2014). Table 5.5 
shows a much wider range of vanadium in the hair samples (0.02 – 14.52 mg/kg), 
with a median of 0.78 mg/kg V compared to the above studies. This is because 
there were very high exposures to these elements in these sampling areas (see 
Chapter 4). 
The levels of arsenic (Table 5.5) in this study were higher compared to the 
reported levels in La Pampa by Farnfield (2012) (< 0.05 – 4.24 mg/kg As (median: 
0.15) and O’Reilly et al., (2010) (0.01 – 10.1 mg/kg As (median: 0.53)), but the 
median of the second study agrees with the recent study. This may in part be due 
to the former studies being undertaken only in the Eduardo Castex region of the 
province. The reported levels of arsenic in a chronic arsenic exposure area 
(average = 174 g/l, n = 131 wells) in China (Shanix) showed an average of 4.2 
mg/kg As (n = 159) with 61 % hair samples exceeding the 1.0 mg/kg As reference 
value (Cui et al., 2013). Similarly, a study was reported in Bangladesh (n = 260) 
which showed an average of 4.64 mg/kg As in hair samples, where the level of 
arsenic ranging between 214 – 546 g/l, while 1.6 mg/kg was for the low exposure 
samples (average = 8.22 g/l As)(Rahman et al., 2015). On the other hand, Bibi et 
al. (2015) reported much lower levels of arsenic (0.61 – 1.21 mg/kg, average = 
1.74 mg/kg) in hair samples (n = 48) for high levels of arsenic exposure (2400 g/l 
As). The variation in the levels of arsenic in hair samples from individuals in 
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residence in the high exposure areas can be related to differences in the amount 
of water consumed and the variation in ethnicity, which can lead to different 
patterns of arsenic metabolism (Brima et al., 2006). 
Table 5.5: Arsenic and vanadium levels (mg/kg) in the washed hair samples 
collected from the participants from La Pampa with subgroups: 
Healthy, Unhealthy, Over 20’s and Under 20’s (years). 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total LP 51 0.52  0.04 25.87 0.78 0.02 14.52 
Healthy 4 0.07 0.04 0.16 0.03 0.02 0.10 
Unhealthy 47 0.62 0.04 25.87 0.89 0.02 14.52 
Over 20 's (years) 41 0.59 0.04 25.87 0.86 0.02 14.52 
Under 20's (years) 10 0.23 0.06 5.58 0.23 0.03 2.63 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry 
weight 
Other range of other trace elements and their corresponding medians (given 
in brackets, as mg/kg) for hair samples were as follows: Cu: 3.39 – 107.6 mg/kg 
(median of 13.51), Fe: 4.13 – 35.43 mg/kg (12.77), Mn: 0.08 – 2.88 mg/kg (0.63), 
Mo: < 0.01 – 36 mg/kg (0.03), Se: 0.23 – 79.90 mg/kg (0.65), U: 0.01 – 13.08 
mg/kg (0.21) and Zn: 47.47 – 283.1 mg/kg (161.10). The results showed wider 
ranges for Cu, Fe, Mo and Se compared to the elemental levels in hair samples 
from Río Negro (see Section 5.2.1). Only manganese and zinc showed narrower 
ranges and lower medians compared to the levels of the Río Negro hair samples. 
On the other hand, the levels had slightly narrower distribution ranges compared 
with the reported values by Lord (2014) for high exposure samples in Argentina 
(Huanqueros), with the exception of manganese and selenium, (5.97 – 423.25 
mg/kg Cu (median: 18.32); 6.23 – 131.85 mg/kg Fe (16.21); 0.54 – 18.27 mg/kg 
Mn (3.95); 0.09 – 1.10 mg/kg Se (0.51); and; 64.21 – 556.53 mg/kg Zn (165.60). 
Moreover, most of the trace element levels had higher variation in comparison with 
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the reference levels reported of Cu (6.8 – 39 mg/kg; median:16 mg/kg), Mo (0.10 
– 0.49 mg/kg; median: 0.38 mg/kg ans Se (0.20 – 1.40 mg/kg, median: 0.53 mg/kg 
Se) (Iyengar and Woittiez, 1988). The results of this study reflect the high levels of 
the above elements in groundwater. 
5.2.3 Moron, Buenos Aires Capital Federal 
Vanadium and arsenic levels for the scalp hair samples collected from four 
schools in Moron; Buenos Aires Capital Federal, had ranges of 0.05 to 7.13 mg/kg 
V and 0.03 to 2.56 mg/kg As. The healthy group had 24% of the samples with 
vanadium levels less than 0.16 mg/kg V and 82% of the samples were below the 
reference value of arsenic in high exposure sites (0.08 – 0.025 mg/kg As). On the 
other hand, the majority of the unhealthy group (n = 21) had a vanadium (95%) 
level higher than the reference value for vanadium (0.09 – 0.16 mg/kg V). In 
addition, the unhealthy group showed only 10 % exceeding the normal level of 
arsenic in hair. In comparison, data for the Moron samples were much higher than 
that for the previously reported vanadium and arsenic levels (0.02 - 1.48 mg/kg V 
and < 0.05 – 0.24 mg/kg As) for school students in the Río Negro province (control 
site), (Table 5.6). This reflects the high exposure of vanadium (0.67 – 107.00 g/l) 
and arsenic (0.27 – 44.48 g/l) experienced by the Moron students due to their 
drinking water. This is in agreement with the study on high exposure (due to 
volcanic activity) in Italy (n = 361, water level = 0.4 - 201 g/l V) ) for school 
students age 9 – 11 years which showed a range between 0.001 and 3.15 mg/kg 
V with an average of 0.48 mg/kg and a median of 0.31 mg/kg. Similarly, the arsenic 
levels were 0.001 – 0.16 mg/kg As (average = 0.03 mg/kg, median = 0.03 mg/kg) 
(Varrica et al., 2014; Aiuppa et al., 2000). The control sites (n = 210) of the Italy 
study were reported to range over 0.001 - 0.51 mg/kg V and 0.0003 – 0.09 mg/kg 
As (Varrica et al., 2014). 
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Table 5.6: Arsenic (As) and vanadium (V) levels (mg/kg) in the washed hair 
samples collected from the participants from Moron, Buenos Aires 
Capital Federal, with subgroups Healthy and Unhealthy. 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total  102 0.09 0.03 2.56 0.58 0.05 7.13 
Healthy 81 0.10 0.03 1.22 0.57 0.05 4.55 
Unhealthy 21 0.08 0.03 2.56 0.59 0.06 7.13 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry 
weight 
Other trace elements showed much narrower ranges (median; mg/kg) 
compared to La Pampa due to the ingestion of tap water: Cu: 4.11 – 114.10 mg/kg 
(median of 13.99), Fe: 5.50 – 168.6 mg/kg (12.02), Mn: 0.14 – 168.60 mg/kg (0.64), 
Mo: < 0.01 – 0.31 mg/kg (< 0.01), Se: 0.19 – 1.10 mg/kg (0.65), U: < 0.001 – 1.00 
mg/kg (0.04) and Zn: 90.79 – 885.10 mg/kg (186.6). Moron students had lower 
medians for copper, iron, manganese, molybdenum and selenium compared to 
levels in Río Negro (< 20 years) hair samples, which were Cu: 0.37 – 98.3 mg/kg 
(median of 34.6), Fe: 16.2 – 188.2 mg/kg (48.3), Mn: 0.33 – 5.13 mg/kg (2.19), Mo: 
0.05 – 0.71 mg/kg (0.27), Se: 0.06 – 3.11 mg/kg (0.43). However, a more widely 
distributed range and median were found in Moron samples compared to Río 
Negro (Zn: 102.3 – 243.6 mg/kg (median of 155.4). Moreover, Moron median 
levels of copper, iron, manganese, zinc and selenium in hair samples were lower 
compared to median reference levels of Cu (16 mg/kg), Fe (33 mg/kg), Mn (1.2 
mg/kg), Mo (0.38 mg/kg) and Zn (175 mg/kg) in hair (Iyengar and Woittiez, 1988). 
This could be due to the low living standard of some of the participants and bad 
dietary habits. 
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5.3 Vanadium and Arsenic in Fingernails 
Fingernail samples were collected from participants from La Pampa, 
Buenos Aires and Río Negro by a trained member of the project team. The 
collected samples can be used as long term exposure biomarkers compared to 
hair samples (up to 6 months) for vanadium, arsenic and other elements (Chapter 
1, section 1.4.3.2). The collection procedure for the fingernails was conducted by 
clipping all ten fingernails of each participant following the protocols provided in 
Appendix A. Similar methods of washing and preparation (at the University of 
Surrey) that were used for hair were also used for fingernails prior to the ICP-MS 
analysis (see Chapter 2, sections 2.2.2 – 3).  
The proposed reference ranges for vanadium and arsenic in fingernails are 
0.027 – 0.114 mg/kg V and 0.024 – 0.404 mg/kg As n = 50, (Goullé et al., 2009) . 
Moreover, Das et al. (1995) reported normal reference levels of arsenic in nails 
over a range of 0.43 – 1.08 mg/kg As (n = 41). The reported ranges of vanadium 
from control populations from Italy were 0.001 to 0.51 mg/kg V for control children 
(Varrica et al., 2014); Sweden (for a non-metal – exposed volunteers (0.018 – 
0.476 mg/kg V; n = 96 (Rodushkin and Axelsson, 2000)); France (0.027 - 0.114 
mg/K V; median = 0.051 mg/kg V; n = 130 healthy volunteers; (Mahieu et al., 
2007)) and Argentina (< 0.05 and 2.84 mg/kg V; median: 0.12, (Farnfield, 2012)). 
The reported range for high exposure of vanadium in fingernails in Argentina was 
0.04 – 3.14 mg/kg V; median 0.29 mg/kg in San Cristóbal (Lord, 2014).  
Arsenic exposure ranges in fingernails has been widely investigated 
(Gagnon et al., 2016; Bibi et al., 2015; Rahman et al., 2015; He, 2011; Brima et 
al., 2006; Slotnick and Nriagu, 2006). The normal reference range of arsenic in 
fingernails proposed by Das et al. (1995) was 0.43 – 1.08 mg/kg As. The recently 
reported ranges for arsenic in fingernails for both low and high exposure 
populations in Pakistan were 0.10 – 0.19 mg/kg As and 1.12 – 2.05 mg/kg As, 
respectively. Farnfield (2012) reported levels in control and high exposure areas 
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in Argentina: low exposure range < 0.05 and 2.84 mg/kg As; median: 0.12 and 
high exposure range <0.05 to 10.7 mg/kg As (median: 0.48). Moreover, Lord 
(2014) reported arsenic levels in fingernails of individuals living in Santa Fe 
(Argentina) a high arsenic exposure area, to be over a range of 0.08 to 16.67 
mg/kg. 
This section will evaluate the levels of vanadium, arsenic and other 
elements in fingernails collected from General Roca, Río Negro (section 5.3.1); 
General San Martin and Eduardo Castex , La Pampa (section 5.3.2) and Moron, 
Buenos Aires Capital Federal (section 5.3.3).  
5.3.1 General Roca, Río Negro 
The range of vanadium and arsenic levels in fingernails from individuals 
resident in Río Negro province (n = 92) are presented in Table 5.7. Vanadium 
levels in the Río Negro fingernail samples ranged from 0.02 to 1.48 mg/kg (median 
= 0.32 mg/kg). The unhealthy group showed a slightly wider distribution in 
fingernail vanadium levels (0.02 – 1.48 mg/kg) compared to the healthy group 
(0.02 – 1.29 mg/kg). The under 20’s (years) group also revealed higher levels of 
vanadium (0.29 mg/kg) compared to the elder group (0.14 mg/kg). The levels of 
vanadium in the overall samples were higher than the proposed reference level for 
vanadium in fingernails (0.027 – 0.114 mg/kg V, n = 130, (Goullé et al., 2009)). 
This study showed higher levels than the reported levels of 0.001 to 0.51 mg/kg V 
for control children in Italy (Varrica et al., 2014). Addionally, 57.6 % of the samples 
from Río Negro had vanadium levels higher than the study in Sweden for non-
metal – exposed volunteers (0.018 – 0.476 mg/kg V; n = 96) (Rodushkin and 
Axelsson, 2000). However, this study is in agreement with the control levels of a 
research study in Argentina (Farnfield, 2012). 
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Table 5.7: Arsenic (As) and vanadium (V) levels (mg/kg) in the washed fingernail 
samples collected from the participants from Río Negro with 
subgroups Healthy, Unhealthy, Over 20’s and Under 20’s (years). 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total  92 0.18 0.03 1.29 0.27 0.02 1.48 
Healthy 76 0.19 0.03 1.09 0.29 0.02 1.29 
Unhealthy 16 0.15 0.07 1.29 0.18 0.02 1.48 
Over 20 's (years) 16 0.14 0.09 0.26 0.07 0.02 0.39 
Under 20's (years) 75 0.29 0.03 1.09 0.32 0.07 1.29 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry 
weight 
Arsenic levels in fingernails ranged between 0.03 and 1.29 mg/kg. 
Moreover, healthy participants (range of 0.03 – 1.09 mg/kg, n = 76) showed lower 
levels of arsenic compared to the unhealthy group (0.07 – 1.29 mg/kg). Almost all 
fingernail samples of the healthy participants (98.5 %) were within the normal 
levels of arsenic in nails (0.43 – 1.08 mg/kg As) as reported by Das et al. (1995). 
However, all analysed samples showed arsenic levels with ranges in agreement 
with a recent study in Pakistan, in which the range of arsenic in the low exposure 
cases (water level is < 4 g/l As) were1.36 –1.86 mg/kg for children and 0.72 –
1.45  mg/kg for adults (Rahman et al., 2015). Furthermore, this study showed a 
lower range than the reported data of previous researches in Argentina (< 0.05 
and 2.84 mg/kg As; median: 0.12, (Farnfield, 2012)).  
The range (and median; mg/kg) concentrations of other trace elements in 
fingernails collected from Río Negro were Cu: 3.47 – 98.30 mg/kg (median of 39.1), 
Fe: 6.42 – 277.3 mg/kg (55.85), Mn: 0.24 – 5.78 mg/kg (2.10), Mo: < 0.01 – 2.34 
mg/kg (0.21), Se: 0.09 – 3.11 mg/kg (0.75), U: < 0.001 – 0.02 mg/kg (0.01) and 
Zn: 1.39 – 160.30 mg/kg (153.8). The reported normal reference ranges (median, 
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mg/kg) in fingernails (n = 50) were Cu: 4.3 – 9.4 mg/kg (6.5),  Mn: 0.14 – 1.67 
mg/kg (0.36), Mo: 0.006 – 0.034 mg/kg (0.014), Se: 0.47 – 1.06 mg/kg (0.74), U: 
0.001 – 0.005 mg/kg (0.003) and Zn: 83 – 143 mg/kg (108) (Goullé et al., 2009). 
The iron reference range is 12 – 189 mg/kg (37) (Rodushkin and Axelsson, 2000). 
Río Negro fingernail samples had wider ranges and higher medians for copper, 
iron, manganese, molybdenum and zinc compared to the reference levels above. 
On the other hand, levels of manganese, iron and selenium in this study were of 
lower medians compared to the reported medians for trace metals in fingernails 
(Mn: 3.51 – 91.33 mg/kg (24.51), Fe: 39.76–1967.46 mg/kg (551.2) and Se: 0.24 
– 1.5 mg/kg (0.85)) in a high affected areas in West Bengal with the exception of 
copper and zinc (Cu: 4.6 –28.78 mg/kg (9.75) and Zn: 72.77 – 130.39 mg/kg 
(102.79)) (Samanta et al., 2004). Moreover, the levels of all metals were of lower 
median compared to the previous study (2.66 – 63.78 mg/kg (median of 7.82) Cu; 
5.32 – 941.43 mg/kg (45.88) Fe; 0.27 – 31.74 mg/kg (2.59) Mn; 0.30 – 8.14 mg/kg 
(0.77) Se and; 78.89 – 1747.21 mg/kg (175.93) Zn) in Argentina (San Cristóbal; 
As in water: 11.09 – 601.94 g/l); except for copper and iron (Lord, 2014).  
5.3.2 General San Martin and Eduardo Castex, La Pampa, 
Fingernails collected from the all participants (n = 31) from La Pampa 
(General San Martin) showed vanadium levels (0.02 – 50.89 mg/kg V; median = 
1.3 mg/kg V) that exceed the proposed normal reference range (0.027 - 0.114 
mg/K V; median = 0.051 mg/kg V, n = 130 healthy volunteers) reported by Mahieu 
et al., 2007. In addition, the La Pampa fingernail samples had higher levels than 
the previously reported levels (0.04 – 3.14 mg/kg V, median 0.29 mg/kg) in San 
Cristóbal (Lord, 2014). This is related to the very high exposure to vanadium in 
groundwater samples (189.03 - 1068.28 g/l) compared to San Cristóbal (200.01 
– 306.18 g/l V). 
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Arsenic levels ranged between 0.07 – 21.35 mg/kg. In comparison to the 
reference level of arsenic in human nails (0.43 – 1.08 mg/kg As, (Das et al., 1995)), 
42 % (n = 13) of the samples were above the range, while 6% (n = 2) were below 
the minimum value of the reference range. Furthermore, Cui et al. (2013) showed 
a higher average arsenic level of 7.8 mg/kg in fingernails (n = 176) from a high 
arsenic exposure (14.8 − 280 g/l As) in China (Shanix), compared to an average 
of 3.32 mg/kg As in the La Pampa nail samples. 
Table 5.8: Arsenic (As) and vanadium (V) levels (mg/kg) in the washed fingernail 
samples collected from the participants from La Pampa with 
subgroups Healthy, Unhealthy, Over 20’s and Under 20’s (years). 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total LP 31 0.67 0.07 21.35 1.30 0.02 50.89 
Healthy 4 0.13 0.07 5.25 0.05 0.02 0.08 
Unhealthy 27 0.80 0.09 21.35 1.39 0.03 50.89 
Over 20 's 
(years) 
24 1.02 0.07 21.35 1.38 0.02 46.92 
Under 20's 
(years) 
7 0.25 0.11 18.87 0.54 0.03 50.89 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = 
dry weight 
Other trace element ranges (median; mg/kg) in fingernails of La Pampa 
participants were Cu: 3.31 – 21.07 mg/kg (median of 5.09), Fe: 9.47 – 82.53 mg/kg 
(23.73), Mn: 0.13 – 7.65 mg/kg (0.81), Mo: < 0.01 – 0.30 mg/kg (0.02), Se: 0.78 – 
1.32 mg/kg (0.95), U: < 0.001 – 11.43 mg/kg (0.26) and Zn: 72.19 – 131.4 mg/kg 
(95.19). Compared to Río Negro samples, the range of all metals are wider than 
the Río Negro data, with the exception for copper, iron and zinc. Comparison of 
data from this study against normal reference levels reported by Goullé et al. 
(2009) and Rodushkin and Axelsson (2000) shows that copper, iron and zinc had 
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lower medians, while higher medians were found for manganese, molybdenum, 
selenium and uranium. In addition, compared to the (median; mg/kg) range levels 
of copper, iron, manganese, selenium, and zinc (2.54 – 38.52 mg/kg Cu (median 
of 7.47); 3.91 – 897.18 mg/kg Fe (24.50); 0.40 – 15.28 mg/kg Mn (2.94); 0.23 – 
2.16 mg/kg Se (0.68) and; 81.86 – 572.86 mg/kg Zn (135.95)) found in a high 
arsenic exposure area (Huanqueros; Argentina; water level: 17.88 – 834.32 g/l 
As). La Pampa samples show narrower ranges, with the exception of selenium 
(Lord, 2014). 
5.3.3 Moron, Buenos Aires Capital Federal 
Fingernail samples were collected from the students in the four Moron 
schools. However, not all the students provided fingernail samples and some of 
them gave very small amounts. Excluding the samples with a dilution factor ≥1000, 
only 86 samples were used for the statistical analysis. The overall range of 
vanadium showed a wider range compared to Río Negro levels (0.02 – 1.48 mg/kg 
V) for the < 20 years old group. On the other hand; 63 % of the vanadium levels 
(0.02 – 2.64 mg/kg) in the fingernails exceeded the normal reference level (0.027 
- 0.114 mg/kg V, (Mahieu et al., 2007)).  
Arsenic levels in the fingernails ranged between 0.02 and 0.92 mg/kg; 
median = 0.2 mg/kg As. The healthy group showed wider ranges for the levels of 
arsenic and vanadium than the unhealthy group, but the median for arsenic levels 
were lower than for the unhealthy group (see Table 5.9). There were no fingernail 
samples exceeding the normal reference level of arsenic in human nails (0.43 – 
1.08 mg/kg As, (Das et al., 1995)). The range of arsenic levels for the Moron 
samples showed slightly less variation than the Río Negro samples. Moron arsenic 
levels were of a lower range than the reported levels (< 0.05 - 2.84 mg/kg) in the 
previous fingernail study from the Río Negro (Farnfield, 2012). Moreover, higher 
levels of arsenic (1.00 –1.59 mg/kg) were reported for children in a study in Lahore 
(Pakistan) compared to the Moron study (Bibi et al., 2015). 
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Table 5.9: Arsenic (As) and vanadium (V) levels (mg/kg) in the washed fingernail 
samples collected from the participants from Moron, Buenos Aires 
Capital Federal, with subgroups Healthy and Unhealthy. 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total 86 0.20 0.02 0.92 0.14 0.02 2.64 
Healthy 69 0.20 0.02 0.92 0.14 0.02 2.64 
Unhealthy 17 0.23 0.09 0.65 0.17 0.07 0.71 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry 
weight 
Other trace element levels ranges (and the medians; mg/kg) in fingernail 
samples were Cu: 0.56 – 735.40 mg/kg (median of 7.25), Fe: 3.35 – 284.00 mg/kg 
(25.78), Mn: 0.17 – 15.21 mg/kg (0.95), Mo: < 0.01 mg/kg), Se: 0.09 – 1.37 mg/kg 
(0.80), U: < 0.001 mg/kg) and Zn: 13.98 – 918.9 mg/kg (121.6). In comparison to 
samples from Río Negro, all the above had lower levels and narrower elemental 
distributions in fingernails. Moreover, copper and iron had narrower ranges and 
lower medians compared the normal reference levels (Goullé et al., 2009; 
Rodushkin and Axelsson, 2000) while manganese, selenium and zinc had wider 
ranges. 
5.4 Vanadium and Arsenic in Toenails  
Toenail samples were collected from volunteers in La Pampa, Buenos Aires 
and Río Negro by a trained member of the research group. The collected toenail 
samples were used as indictors of long-term exposure for a time period of 12 -18 
months for vanadium, arsenic and other elements. The collection of the toenails 
was undertaken by clipping all ten toenails of each participant following the 
protocols provided in Appendix A. The same method of washing and preparation 
used for hair and fingernails was applied for toenails (as illustrated in Chapter 2, 
sections 2.2.2 – 3).  
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The normal reference range for vanadium levels in nails is between 0.007 
and 0.070 mg/kg, median = 0.029 mg/kg V proposed by Goullé et al. (2009). In 
addition, the normal reference range for arsenic in toenails proposed by the same 
study was in the range of 0.033 – 0.413 mg/kg As, median = 0.086. Moreover, the 
reference range for arsenic of all nails (finger and toenails) reported by Das et al. 
(1995) is 0.43 – 1.08 mg/kg As. Only a few studies were found to report levels of 
vanadium and arsenic in toenails, and these showed different ranges for vanadium 
and arsenic in control (low exposure) and high exposure study areas, such as in 
Canada, Pakistan and Argentina (Gagnon et al., 2016; Bibi et al., 2015; Rahman 
et al., 2015; Lord, 2014; Farnfield, 2012; Goullé et al., 2009). 
The levels of vanadium, arsenic and other trace elements found in the 
toenails of the participants will be outlined in further sections: General Roca, Río 
Negro (section 5.4.1); General San Martin and Eduardo Castex, La Pampa 
(section 5.4.2) and Moron, Buenos Aires Capital Federal (section 5.4.3). 
5.4.1 General Roca, Río Negro 
All toenail samples collected from Río Negro volunteers were analysed for 
trace element levels. Vanadium and arsenic levels of the analysed toenails for the 
different groups are detailed in Table 5.10. Vanadium levels ranged between 0.02 
and 1.56 mg/kg (dry weight basis). Furthermore, 96% of the samples exceeded 
the normal vanadium reference level in human nails (0.007– 0.070 mg/kg, (Goullé 
et al., 2009)). In addition, the unhealthy group showed higher levels of vanadium 
in fingernails compared to the healthy group (Table 5.10). Additionally, the levels 
were higher than the reported values by Lord (2014) for the study in San Cristóbal, 
Argentina (0.03 – 0.92 mg/kg V (median: 0.16)). 
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Table 5.10: Arsenic (As) and vanadium (V) levels (mg/kg) in the washed toenail 
samples collected from the participants from Río Negro with 
subgroups Healthy, Unhealthy, Over 20’s and Under 20’s (years). 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total  92 0.23 0.03 1.22 0.32 0.02 1.56 
Healthy 77 0.28 0.03 1.22 0.32 0.02 1.44 
Unhealthy 15 0.16 0.03 1.22 0.11 0.02 1.56 
Over 20 's (years) 16 0.13 0.08 0.29 0.06 0.02 0.29 
Under 20's (years) 76 0.33 0.03 1.22 0.39 0.03 1.44 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry 
weight 
Arsenic levels ranged between 0.03 and 1.22 mg/kg for both healthy and 
unhealthy groups. Furthermore, the under 20’s (years) group showed higher 
arsenic levels than the over 20’s. Overall, 5% of toenail samples had arsenic levels 
(1.2 mg/kg) exceeding the normal reference levels of arsenic in human nails 0.43 
- 1.08 mg/kg (Das et al., 1995). The previous researches of arsenic in toenails 
levels in Río Negro showed a wider distribution range (< 0.06 – 5.7 mg/kg, median 
= 0.19 mg/kg) compared to this study (Farnfield, 2012). This research showed a 
higher average value (0.38 mg/kg) compared to the average (low exposure ((< 10 
g/l As); average = 0.2 mg/kg) reported in a study of arsenic exposure in Canada 
(Gagnon et al., 2016). In Pakistan had similar range (0.72 – 1.45 mg/kg) compared 
to the recent study in Río Negro for arsenic in nail samples from residents of a low 
exposure area (Bibi et al., 2015). In summary, the arsenic levels of this study for 
the cases resident in the control site were within the reference levels of arsenic in 
toenails for control samples from other study areas. 
Other trace element ranges (and the medians; mg/kg) in toenail samples 
were as follows: Cu: 1.41 – 112.3 mg/kg (median of 43.75), Fe: 7.55 – 219.3 mg/kg 
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(58.8), Mn: 0.26 – 6.55 mg/kg (2.11), Mo: < 0.01 – 0.93 mg/kg (0.27), Se: 0.10 – 
3.21 mg/kg (0.65), U: < 0.001 – 0.02 mg/kg (< 0.001) and Zn: 75.84 – 907.4 mg/kg 
(156.00). In comparison to the proposed normal reference ranges (median) for 
toenails by Goullé et al. (2009) (Cu: 2.1 – 6.8 mg/kg (median of 3.6), Mn: 0.12 – 
2.08 mg/kg (0.36), Mo: 0.003 – 0.015 mg/kg (0.0007), Se: 0.37 – 0.88 mg/kg (0.68), 
U: 0.001  – 0.006 mg/kg (0.002) and Zn (63 – 105 mg/kg (83) and Fe: 12 – 189 
mg/kg (37) by Rodushkin and Axelsson (2000), the maximum values and the 
median of Río Negro toenail samples were higher for all elements. Moreover, the 
median levels of iron and molybdenum are higher compared to the median values 
(median: 4.31 mg/kg Cu, 197 mg/kg Fe, 6.77 mg/kg Mn, 0.04 mg/kg Mo and 115 
mg/kg Zn) for a Cambodian control population in a non-affected arsenic area 
(Kampong Toul village). On the other hand, Río Negro toenail samples showed 
lower levels for manganese compared to the Cambodian median levels in toenails 
(Chanpiwat et al., 2015).  
5.4.2 General San Martin and Eduardo Castex, La Pampa, 
Toenail samples were collected from all La Pampa participants (n = 51) to 
evaluate the environmental exposure to arsenic, vanadium and other trace 
elements. The levels of arsenic and vanadium in the analysed samples are 
presented in Table 5.11. Overall vanadium levels were over a range of 0.02 to 
40.55 mg/kg (median = 3.83). Arsenic levels also ranged from 0.07 to 29.03 mg/kg 
(median = 3.99 mg/kg). The levels of vanadium and arsenic in the healthy group 
were significantly lower compared to the levels in the unhealthy group (Table 
5.11). On the other hand, the over 20’s (years) group showed higher levels of both 
elements compared to the Under 20’s group which may be due to a longer 
exposure time. Also, 80% of vanadium levels were above the normal reference 
range (0.007 – 0.071 mg/kg, median = 0.029 mg/kg V) proposed by Goullé et al. 
(2009). Furthermore, 65% of the toenail samples exceeded the reference range 
for the normal level of arsenic (0.033 – 0.413 mg/kg, median = 0.086 mg/kg As) in 
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toenails (Goullé et al., 2009). These levels were higher than the previously 
reported arsenic levels (0.09 and 13.8 mg/kg As, median = 0.98 mg/kg) in La 
Pampa toenail samples (Farnfield, 2012). Similarly, recent studies showed higher 
levels for vanadium and arsenic for toenails collected at San Cristóbal (0.03 – 0.92 
mg/kg V, median = 0.16 mg/kg V; and 0.10 - 21.11 mg/kg As, median = 1.06 mg/kg 
As, Argentina) (Lord, 2014). This study in La Pampa showed extremely higher 
levels of arsenic in toenails compared to the reported levels (1.12 – 2.05 mg/kg 
As) in a high arsenic exposure area (2400 g/l As in drinking water) in Pakistan. 
However, similar results were found in toenails (12.6 - 39.9 mg/kg As, n = 153) 
with high arsenic exposure in drinking water (16.0 – 73.0 g/l As) in Australia 
(Hinwood et al., 2003). 
Table 5.11: Arsenic (As) and vanadium (V) levels (mg/kg) in the washed toenail 
samples collected from the participants from La Pampa with 
subgroups Healthy, Unhealthy, Over 20’s and Under 20’s (years). 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total LP 51 3.99 0.07 29.03 3.83 0.02 40.55 
Healthy 4 0.34 0.07 1.00 0.03 0.02 0.05 
Unhealthy 47 5.18 0.09 29.03 4.59 0.02 40.55 
Over 20 's (years) 41 4.93 0.07 29.03 4.49 0.02 40.55 
Under 20's (years) 10 1.09 0.09 25.71 1.33 0.03 36 
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry 
weight 
Other trace element ranges (and the median, mg/kg) in toenail samples 
were Cu: 2.62 – 9.62 mg/kg (median of 4.49), Fe: 7.67 – 93.06 mg/kg (15.64), Mn: 
0.14 – 6.00 mg/kg (0.37), Mo: < 0.01 – 3.03 mg/kg (0.02), Se: 0.52 – 1.43 mg/kg 
(0.85), U: 0.001 – 10.83 mg/kg (0.18) and Zn: 63.49 – 132.9 mg/kg (101.7). 
Compared to Río Negro, trace element levels for La Pampa samples had narrower 
ranges and lower medians for copper, iron, manganese and molybdenum; and 
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with wider ranges for selenium and uranium levels. Copper, molybdenum, 
selenium and uranium exceeded the proposed reference levels for toenails. On 
the other hand, iron, manganese and zinc had lower than the normal reference 
levels. In addition, there were lower medians for copper, iron, molybdenum and 
zinc from the La Pampa samples compared to the high arsenic exposure (57.93 – 
997 g/l) study in Cambodia (4.95 mg/kg Cu, 875.7 mg/kg Fe, 25.46 mg/kg Mn, 
0.05 mg/kg Mo and 113.0 mg/kg Zn). Furthermore, a previous study in a high 
arsenic exposure area (17.88 – 834.32 g/l, Huanqueros, Argentina) showed wider 
distribution ranges and higher median levels for copper, iron, manganese, and zinc 
(Lord, 2014).  
5.4.3 Moron, Buenos Aires Capital Federal 
Toenails (n = 99) which were collected from Moron school students showed 
vanadium levels within a range of 0.01 to 0.68 mg/kg. Arsenic levels were of a 
range of 0.04 – 8.37 mg/kg As. Vanadium levels were higher in toenails compared 
to fingernails, while arsenic levels were the highest in fingernails (see Table 5.12). 
Furthermore, 85% of toenail samples exceeded the reference level of vanadium in 
nails (0.007 – 0.070 mg/kg, (Goullé et al., 2009)). Also, 17 % of the toenail samples 
had higher levels than the reference arsenic level in toenails (1.70 – 7.70 mg/kg, 
(Hinwood et al., 2003)).  
The levels of vanadium and arsenic in Moron toenail samples were higher 
than the Río Negro ones (< 20 years group) in this study (0.02 and 1.56 mg/kg V 
and 0.03 – 1.22 mg/kg As). Similarly, the arsenic levels of the Moron toenail 
samples were higher than reported levels (< 0.06 – 5.7 mg/kg As, median = 0.19) 
of toenails in low arsenic exposure areas (Río Negro) by Farnfield (2012a). 
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Table 5.12: Arsenic (As) and vanadium (V) levels (mg/kg) in the washed toenail 
samples collected from the participants from Moron, Buenos Aires 
Capital Federal, with subgroups Healthy and Unhealthy. 
Group n 
Concentration (mg/kg, dw) 
[As] [V] 
Med. Min. Max. Med. Min. Max. 
Total  99 0.41 0.04 8.37 0.13 0.01 0.68 
Healthy 78 0.41 0.04 8.37 0.13 0.01 0.68 
Unhealthy 21 0.48 0.17 2.35 0.14 0.05 0.35 
n = number of samples in group; Med. = median; Min. = minimum; Max. = 
maximum; dw = dry weight 
Other trace element levels (along with the median, mg/kg) in toenail 
samples were Cu: 0.42 – 14.15 mg/kg (median of 5.18), Fe: 39.56 – 656.2 mg/kg 
(393.56), Mn: 0.09 – 25.21 mg/kg (2.33), Mo: < 0.01 mg/kg), Se: 0.09 – 1.56 mg/kg 
(0.77), U: < 0.001 mg/kg and Zn: 10.83 – 196.4 mg/kg (161.4). The Rio Negro 
toenails had higher medians compared to theose collected in Moron for iron, 
manganese, selenium and zinc, while lower ones were found for copper, 
molybdenum and uranium. In comparison to the proposed normal reference 
ranges and medians for toenails by Goullé et al. (2009), and Rodushkin and 
Axelsson (2000), all elements of interest in Moron toenails samples had higher 
maximum ranges and medians, with the exception of molybdenum and uranium. 
5.5 Comparison of Vanadium/Arsenic levels in Biological 
Samples from Study Provinces 
Hair and nails can be used as biomarkers of elemental exposure. High 
exposure to vanadium, arsenic and other trace elements via drinking water 
(groundwater) was observed in La Pampa groundwater (see Chapter 4). A 
comparison between the control site (Río Negro; RN) and study locations (La 
Pampa; LP and Buenos Aires; BA) for vanadium and arsenic levels in hair, 
Chapter 5: Human Exposure Analysis  
266 
fingernails and toenails are detailed in Table 5.13. The highest levels of vanadium 
and arsenic in the analysed biological samples were found in toenails (median: 
3.83 mg/l V, 3.99 mg/l As) from the La Pampa province. The levels of vanadium in 
human samples in the three provinces were in the following decreasing order La 
Pampa> Buenos Aires > Río Negro. Only the median levels of vanadium in the 
fingernails from Buenos Aires (0.15 mg/kg V) were lower than the Río Negro 
fingernails (0.32 mg/kg V) samples.  
Table 5.13: The Mann-Whitney U-test of the vanadium/arsenic levels in hair (H), 
fingernails (FN) and toenails (TN) from the control location (Río 
Negro, RN) and the study locations (La Pampa (LP) and Buenos 
Aires (BA)). 
Sample 
Type 
Location n 
median 
Mann-Whitney U-test 
Test V As 
V As  P 
Significant 
correlation 
P 
Significant 
correlation 
H 
RN 90 0.32 0.32 - - - - - 
LP 51 0.78 0.52 LP v RN < 0.01 Yes 0.111 No 
BA 112 0.58 0.09 BA v RN < 0.01 Yes < 0.01 Yes 
FN 
RN 76 0.32 0.20 - - - - - 
LP 31 1.3 0.67 LP v RN < 0.05 Yes < 0.01 Yes 
BA 95 0.15 0.2 BA v RN < 0.01 Yes 0.439 No 
TN 
RN 76 0.39 0.32 - - - - - 
LP 51 3.83 3.99 LP v RN < 0.01 Yes < 0.01 Yes 
BA 100 0.41 0.25 BA v RN 0.05 No < 0.01 Yes 
Arsenic levels in the hair and toenail samples were in the following 
decreasing order La Pampa > Río Negro > Buenos Aires. A Mann-Whitney U-test 
method (refer to Appendix E) revealed that all the levels of vanadium in all 
analysed biological samples were significantly different from the control samples 
from Río Negro (probability, P < 0.01). Similarly, arsenic levels in fingernails and 
toenails from La Pampa were significantly different from Río Negro samples (P < 
0.01). On the other hand, there was no difference between the levels of arsenic in 
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the hair samples from La Pampa compared to those from Río Negro (P = 0.111). 
Furthermore, the Mann-Whitney U-test comparison test between Río Negro and 
Buenos Aires (Moron) samples showed a significant difference in vanadium levels 
for both hair and fingernails (H: P < 0.01, FN: < 0.01), while no significant difference 
was observed for the levels in toenails (P = > 0.05). Conversely, comparison of 
arsenic levels between Río Negro and Buenos Aires revealed no significant 
difference between the level in fingernails (P = 0.439), yet a significant difference 
between the two province samples in hair and toenails (P < 0.01) was found. 
5.6 Relationship between Arsenic/ Vanadium Levels in 
Different Biological Sample Types 
Human hair, fingernails and toenails have been used in several studies to 
assess the high metal and metalloid exposure via food, water and dust ingestion 
(Gagnon et al., 2016; Bibi et al., 2015; Pan and Li, 2015; Rahman et al., 2015; 
Varrica et al., 2014; He, 2011; Johansson, 2011; Kempson and Lombi, 2011). 
Compared to blood and urine (36 to 72 hours detection window), hair and nails are 
non-invasive and can provide reliable trace element data for short and long term 
exposure depending on hair length (2 – 12 months) (Kempson and Lombi, 2011; 
Baer et al., 1991). Both hair and nails contain keratin-rich proteins that incorporate 
trace elements by protein synthesis and sulfhydryl groups (He, 2011; Kempson 
and Lombi, 2011). Nails, especially toenails, have a slow growth rate (FN: 3.47 
mm per month and TN: 1.62 mm per month) compared to hair. A one-month 
exposure was estimated to correspond to 1 mm of nail sample length. Unlike hair 
that can be affected by treatment, medication and shampooing, toenails in 
particular are more protected from environmental contaminants and are melanin 
free. 
Several studies have showed significant correlations (Pearson or 
Spearman) for the levels of trace elements in hair and nails. For example, a study 
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of human exposure to arsenic in groundwater from the Lahore district, Pakistan, 
showed a Spearman correlation of 0.347 between hair and nails (Bibi et al., 2015). 
Moreover, a stronger correlation was found between hair and nail samples (rs = 
0.605) for arsenic levels investigated in China (Cui et al., 2013). 
Vanadium and arsenic levels in the hair, fingernails and toenails of this 
study were not normally distributed. For this reason, a non-parametric Spearman 
rank correlation coefficient (see Appendix C) was used to investigate the 
relationship of the levels of vanadium/arsenic between the analysed biological 
samples in each location. Moreover, the Kruskal-Wallis test (see Appendix C) was 
used to test the possible statistical differences in all the vanadium/arsenic levels 
between hair, fingernails and toenails. 
Río Negro human samples showed no significant Spearman correlations for 
vanadium levels in hair, fingernails and toenails (see Table 5.14). Moreover, the 
Kruskal-Wallis test also confirmed that there was no significant difference between 
the levels in all sample types. Similarly, there was no significant correlation 
between the levels of arsenic in hair and toenails in Río Negro samples. However, 
a negative, significant correlation (rs = - 0.307, P = 0.008) was between arsenic 
levels in hair and fingernails, which was confirmed by a Kruskal-Wallis test (P = 
0.012). 
High vanadium exposure in La Pampa (General San Martin and Eduardo 
Castex) was discussed in Chapter four. All human samples (hair, fingernails and 
toenails) showed strong Spearman correlations for vanadium/arsenic levels (see 
Table 5.14). The highest correlation for vanadium levels was between fingernails 
and toenails (rs = 0.709, P < 0.0001). Even though both hair and nail samples are 
rich in -keratin, a fibrous protein with an elevated proportion of cysteine residues 
that can accumulate arsenic, nail samples showed higher levels of arsenic to hair 
samples (Brima et al., 2006). This is because nails have a higher percentage of 
amino acids (up to 20%) compared to the hair (10 -14%) (Mandal et al., 2003). 
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Table 5.14: Spearman rank (rs) correlation coefficient and Kruska-Wallis test for 
the relationship of vanadium/arsenic levels between washed 
biological samples collected from Río Negro participants. 
Province Element Sample Type n 
Spearman 
Correlation 
Kruskal-Wallis test 
rs P P 
Significant 
correlation 
RN 
V 
H v FN 90 0.252 -0.136 > 0.999 No 
H v TN 76 0.001 -0.374 > 0.999 No 
FN v TN 76 0.089 0.197 0.252 No 
As 
H v FN 90 -0.307 0.008 0.012 Yes 
H v TN 76 0.057 0.629 0.444 No 
FN v TN 76 0.345 0.002 0.515 No 
LP 
V 
H v FN 51 0.543 0.002 > 0.999 No 
H v TN 31 0.602 < 0.0001 0.024 Yes 
FN v TN 51 0.709 < 0.0001 0.284 No 
As 
H v FN 51 0.547 < 0.0001 > 0.9999 No 
H v TN 31 0.567 < 0.0001 0.028 Yes 
FN v TN 51 0.656 < 0.0001 0.2956 No 
BA 
V 
H v FN 112 0.252 < 0.0001 < 0.01 Yes 
H v TN 95 0.001 < 0.0001 < 0.01 Yes 
FN v TN 100 0.089 < 0.0001 0.214 No 
As 
H v FN 112 -0.227 0.008 0.012 Yes 
H v TN 95 -0.036 0.629 < 0.01 Yes 
FN v TN 100 0.250 0.002 < 0.01 Yes 
RN = Río Negro; LP = La Pampa; BA = Buenos Aires (Moron); H = Hair; FN = Fingernail; TN = 
Toenail; Two-tailed/non-directional test; P = probability level; a Spearman correlation coefficient 
(𝑟s). 
Moreover, the La Pampa human samples showed slightly stronger Spearman 
correlations of vanadium/arsenic levels between hair and toenails (V: rs = 0.602; P 
< 0.0001 and As: rs = 0.567; P < 0.0001) compared to the relationship between 
hair and fingernails (V: rs = 0.543; P = 0.002 and As: rs = 0.547; P < 0.0001). In 
addition, the Kruskal-Wallis test revealed statistical differences of vanadium (P = 
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0.024) and arsenic (P = 0.028) between hair and fingernails. This difference most 
likely could be due to the small number of the fingernail samples compared to 
toenails, and their high potential to adsorb elements via external contaminants. 
Individuals from the Buenos Aires province (Moron) had much lower exposure to 
vanadium and arsenic compared to those from the La Pampa province. Therefore, 
similar results to Río Negro were found in the comparison of vanadium/arsenic 
levels between the biological samples (see Table 5.14). 
5.7 Drinking Water Vanadium and Arsenic Exposure and 
Scalp Hair and Nails 
The relationship between vanadium/arsenic levels in water and biological 
samples were evaluated for all samples collected from La Pampa and for the 
Moron school participants (based on the third period of assessment of the overall 
Moron project). However, most of the Río Negro participants were using tap water, 
which comes from the same source. The degree of exposure to vanadium and 
arsenic via drinking water was the highest in La Pampa (see Chapter 4). All 
participants from La Pampa (south east) were consuming groundwater, while most 
of the Moron students were consuming tap water. The data sets were not normally 
distributed, so for this reason a Spearman non-parametric and a Kruskal-Wallis 
tests were used to investigate the correlation between the elemental levels in water 
and other biological samples. 
Both the La Pampa and Buenos Aires capital federal populations showed 
strong Spearman correlations between the levels of vanadium and arsenic in 
drinking water and hair, fingernails and toenails. There is very high level of 
exposure to vanadium (155.18 - 1380.60 g/l) and arsenic (22.98 - 289.02 g/l) in 
La Pampa as reported in Chapter 4. Vanadium showed a stronger correlation with 
nails compared to hair in the La Pampa population. A significant Spearman 
correlation between the levels of vanadium in water and the nails (FN: rs = 0.717, 
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TN rs = 0.707, P < 0.0001) was obtained. Moreover, a good Spearman correlation 
was found between the levels of vanadium in water and hair samples (rs = 0.493, 
P < 0.0001).  
Table 5.15: Spearman rank (rs) correlation coefficient and Kruskal-Wallis test for 
the relationship between vanadium (V)/arsenic (As) levels in drinking 
water and between washed biological samples collected from La 
Pampa (LP) and Buenos Aires, Moron (BA) participants. 
Location 
Sample 
Type-
Element 
n 
Spearman Correlation Kruskal-Wallis test 
rs P P 
Significant 
correlation 
LP 
H-V 51 0.493 < 0.0001 < 0.0001 Yes 
FN-V 31 0.717 < 0.0001 < 0.0001 Yes 
TN-V 51 0.709 < 0.0001 < 0.0001 Yes 
H-As 51 0.547 < 0.0001 < 0.0001 Yes 
FN-As 31 0.567 < 0.0001 < 0.0001 Yes 
TN-As 51 0.656 < 0.0001 < 0.0001 Yes 
BA 
H-V 26 0.571 0.001 0.0004 Yes 
FN-V 22 0.728 < 0.0001 < 0.0001 Yes 
TN-V 23 0.437 0.0018 < 0.0001 Yes 
H-As  33 0.661 < 0.0001 < 0.0001 Yes 
FN-As 21  0.639 0.001 < 0.0001 Yes 
TN-As 31  0.465 0.008 0.001 Yes 
LP = La Pampa; BA = Buenos Aires (Moron); H = Hair; FN = Fingernail; TN = Toenail; Two-
tailed/non-directional test; P = probability level; a Spearman correlation coefficient (𝑟s) 
Arsenic also showed a strong Spearman correlation between water levels 
and biological samples. The strongest correlation was with toenails (rs = 0.656, P 
< 0.0001) while hair (rs = 0.547, P < 0.0001) and fingernails (rs = 0.567, P < 0.0001) 
showed similar correlations with water. In relation to the Moron study (Buenos 
Aires) which is a site with a lower exposure to vanadium and arsenic in drinking 
water showed a stronger Spearman correlation for vanadium between water and 
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fingernails (rs = 0.728, P < 0.0001) compared to toenails (rs = 0.437, P < 0.0001). 
Conversely the strongest correlation of arsenic levels was between water and hair 
(rs = 0.661, P < 0.0001). Previous studies in Argentina also showed significantly 
high levels of correlation between arsenic in water and nails compared to hair 
(Spearman correlation: H: 0.43, FN: 0.33; TN: 0.44; (Lord, 2014) and (Pearson 
correlation: H: 0.894, FN: 0.974; TN:0.938; (Farnfield, 2012)). Similarly, recent 
studies in Pakistan showed that arsenic levels in fingernails were about three times 
the levels in hair (Bibi et al., 2015). This was explained by higher levels of cysteine 
residue (about 10% higher) in nails, which enable them to adsorb more trace 
metals, and the slower growth rate (0.1 mm/day) compared to hair samples (0.35 
mm/day) (Brima et al., 2006; Mandal et al., 2003). Also, nails are preferred for 
metal exposure investigations as they have a lower potential for biological 
exposure compared to scalp hair (Bibi et al., 2015; Walters et al., 2012; Mandal et 
al., 2003). 
5.8 Relationship between Arsenic, Vanadium and Health 
Status 
Health status and drinking water sources of each participant were reported 
in the distributed questionnaire. The statistical evaluation between drinking 
different types of water in the healthy and chronic disorder groups was undertaken 
across La Pampa (LP, groundwater, n = 47 and tap water, n = 4), Buenos Aires 
Capital Federal (BA, mostly tap water) and Río Negro (RN, tap or bottle water) 
populations. All the levels of vanadium and arsenic in the La Pampa unhealthy 
group (n = 47) who drink groundwater and have chronic health disorders were 
significantly higher compared to the levels in Buenos Aires and Río Negro. 
Moreover, the Mann-Whitney test revealed that there were significant differences 
in the levels of vanadium/arsenic in hair, fingernails and toenails (P < 0.05), with 
the exception of arsenic in fingernails (P = 0.346). This might be due to the small 
population, see Table 5.16.  
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Table 5.16: Median vanadium (V) and arsenic (As) levels in the hair (H), fingernails 
(FN) and toenails (TN) from each participant from La Pampa (LP), 
Buenos Aires (BA) and Río Negro (RN) for each healthy and 
unhealthy group (number of samples, (median; mg/kg)) and the 
Mann-Whitney test (two-tailed) for the significant difference. 
Province Element 
Healthy Unhealthy 
Ucalc |𝒛|calc P 
Significant 
Difference n (Med.) n (Med.) 
LP 
H-V 4 (0.07) 47 (0.62) 8 3.013 < 0.05 Yes 
H-As 4 (0.03) 47 (0.89) 8 3.013 < 0.05 Yes 
FN-V 4 (0.05) 15 (1.07) 9 2.100 < 0.05 Yes 
FN-As 4 (0.13) 15 (0.49) 20 1.000 0.346 No 
TN-V 4 (0.03) 47 (4.60) 8 3.013 < 0.05 Yes 
TN-As 4 (0.34) 47 (5.18) 24 2.452 < 0.05 Yes 
MO 
H-V 92 (0.56) 21 (0.59) 853.5 0.830 0.410 No 
H-As 92 (0.10) 21 (0.08) 869.5 0.712 0.479 No 
FN-V 69 (0.14) 17 (0.17) 444.5 1.540 0.125 No 
FN-As 69 (0.020) 17 (0.23) 525 0.667 0.510 No 
TN-V 78 (0.13) 21 (0.14) 669 1.284 0.201 No 
TN-As 78 (0.40) 21 (0.48) 783.5 0.304 0.765 No 
RN 
H-V 87 (0.32) 24 (0.24) 881.5 1.164 0.247 No 
H-As 87 (0.30) 24 (0.16) 822.5 1.587 0.113 No 
FN-V 76 (0.29) 16 (0.18) 490.5 1.210 0.229 No 
FN-As 76 (0.19) 16 (0.16) 487 1.246 0.215 No 
TN-V 77 (0.32) 15 (0.11) 466 1.179 0.242 No 
TN-As 77 (0.28) 15 (0.16) 544.5 0.349 0.732 No 
LP = La Pampa participants; BA = Buenos Aires, Moron; n = number of samples in group; Med = 
median, P = probability level; Two-tailed test; 𝑧crit values = 1.65 (P = 0.05). 
According to the completed questionnaire, La Pampa volunteers suffer from 
different diseases such as skin cancer, bone and tooth problems, dry skin, 
depression, sleep disorders, irritability, extreme back pain, learning disorders, 
hyperactive children and poor learning attention. These illnesses are highly related 
to high levels of vanadium, arsenic and fluoride (Jadhav et al., 2015; Puntoriero et 
al., 2014). Consumption of drinking water with high levels of arsenic has been 
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reported as the most significant cause of different types of vanadium and arsenic 
health problems (Imtiaz et al., 2015; Marchiset-Ferlay et al., 2012). On the other 
hand, there are other pathways of arsenic ingestion, such as washing, preparation, 
and cooking of food with water containing high levels of arsenic. Mondal and Polya 
(2008) stated that rice is a major pathway for arsenic in a high exposure study 
area. In addition, the same study reported that in areas with low levels of arsenic 
in drinking water (namely, West Bengal) also had possible exposure because of 
the elevated levels in rice (Mondal and Polya, 2008). Moreover, previous arsenic 
exposure studies in Santa Fe in Argentina showed that arsenic levels in hair, 
fingernails and toenails were significantly higher from participants drinking 
groundwater and with chronic heath disorders (median levels: 0.98 mg/kg As), 
compared to healthy participants drinking bottled or tap water (median levels: 0.55 
mg/kg As)(Lord, 2014). 
5.9 Influence of Cofactors on Arsenic, Vanadium and other 
Trace Elements 
Trace element accumulation in human tissues (hair and nails) via drinking 
water or food ingestion is influenced by several factors such as gender, age, 
growth rate, diet, smoking, ethnicity and inter-element correlations (see Chapter 1, 
section 1.4.3). In this study, the impact of gender and age on the elemental levels 
of hair, fingernail and toenail samples were evaluated. 
A Mann-Whitney U-test was used due to the non-normality of the levels of 
vanadium and arsenic in hair, fingernails and toenails. The participants were 
divided according to their age (see section 5.9.1) into two groups; including adults 
(> 20 years old) and children (< 20 years old). The levels of exposure for the 
participants were according to the following decreasing order: La Pampa (LP) < 
Buenos Aires, Moron (BA) < Río Negro (RN). Moreover, participants from each 
study area were evaluated according to their gender (see section 5.9.2). 
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5.9.1 Age 
Participants were divided into two groups (Adults: > 20 years old and 
Children: < 20 years old) to evaluate the influence of age on the levels of vanadium 
and arsenic in the different biological tissues (hair and nails).  
Table 5.17: Vanadium (V) and arsenic (As) levels (number of samples, (median; 
mg/kg)) in hair, fingernails and toenails from adults (> 20 years old) 
and children (< 20 years) groups from high vanadium and arsenic 
exposure (La Pampa, LP) and lower exposure (Río Negro, RN), and 
the statistical differences between adults and children using Mann-
Whitney U-test. 
In La Pampa, 80% were adults and 20% children. On the other hand, children were 
of a larger percentage (83%) compared to adults (17%) of the samples collected 
in Río Negro. All Buenos Aires participants were of the same group (< 20 years 
old), so they were not included in this comparison. The highest median level of 
vanadium was observed in the adult toenails of La Pampa participants.All the La 
Province Element 
Adult Children 
Ucalc |𝒛|calc P 
Significant 
Difference n (Med) n (Med.) 
LP 
H-V 41 (0.86) 10 (0.23) 182 0.55 0.60 No 
H-As 41 (0.59) 10 (0.23) 155 1.19 0.24 No 
FN-V 24 (1.38) 7 (0.54) 67 0.80 0.44 No 
FN-As 24 (1.02) 7 (0.25) 60 1.13 0.27 No 
TN-V 22 (4.49) 10 (1.33) 180 2.85 0.56 No 
TN-As 22 (4.93) 10 (1.09) 160.5 2.05 0.30 No 
RN 
H-V 15 (0.32) 73 (0.32) 253.5 3.26 < 0.05 Yes 
H-As 15 (0.76) 73 (0.32) 271 3.07 < 0.05 Yes 
FN-V 15 (0.07) 61 (0.32) 122 4.38 < 0.05 Yes 
FN-As 15 (0.14) 61 (0.29) 222.5 3.07 < 0.05 Yes 
TN-V 16 (0.06) 66 (0.39) 93.5 5.08 < 0.05 Yes 
TN-As 16 (0.13) 66 (0.33) 251.5 3.24 < 0.05 Yes 
LP = La Pampa participants; n = number of samples in group; Med = median, P = probability 
level; Two-tailed test; 𝑧crit values = 1.65 (P = 0.05). 
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Pampa samples showed higher medians for both vanadium and arsenic levels in 
the adult group, compared to children. On the other hand, no significant difference 
was found for any of the biological tissues between adults and children of this area 
(P < 0.05). This can be justified by the low number of participants in the children 
group (n = 10). However, in the low vanadium and arsenic exposure site (Río 
Negro), there were significant differences in the levels of vanadium and arsenic 
between adults and children groups. Children showed higher median levels of 
vanadium and arsenic in fingernails and toenails while adults showed larger 
median levels for arsenic in hair (Table 5.17). This can be explained by the long-
term exposure to vanadium and arsenic via drinking water and other pathways 
such as food, washing, and preparation. In addition, there were similar median 
levels found for vanadium in hair samples in both groups. Similar observations 
were reported recently for arsenic in a high exposure area (672 – 2400 g/l As) in 
Pakistan (Lahore district) by Bibi et al. (2015), which showed a wider range of 
arsenic levels in hair and nails in adults compared to children, and no significant 
difference between the different age groups. Other studies have also reported that 
no significant differences occurred in the high exposure affected areas between 
age groups (Cui et al., 2013; Phan et al., 2013; Mandal et al., 2003). A previous 
study in Eduardo Castex (Argentina, high As exposure) revealed higher levels of 
arsenic in adult fingernails compared to children, whilst the opposite was observed 
for hair and toenails (Farnfield, 2012). However, low arsenic exposure populations 
(Río Negro) showed higher median levels of arsenic in fingernails in the children 
group (0.12 g/l) compared to adults (0.05 g/l). On the other hand, Lord (2014) 
reported higher levels of arsenic and vanadium in younger individuals (< 20 years) 
compared to adults. 
Thus, the influence of age is affected by other cofactors such as gender, 
diet, hair or dermal absorption, different genetic vanadium and arsenic metabolism 
and excretion (Varrica et al., 2014; Kempson and Lombi, 2011). In conclusion, 
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there is no clear evidence for the effect of age on vanadium and arsenic 
accumulation in biological tissues (hair and nails). 
5.9.2 Gender 
The La Pampa study group had 49% females and 51% males, respectively. 
On the other hand, the gender group numbers were for Buenos Aires (60 % female 
and 40 % males) and Río Negro participants (66 % females and 33 % males). The 
median values for vanadium and arsenic in all human samples from the 
participants from La Pampa were all higher for the females compared to the males, 
with the exception of similar levels for vanadium found in toenails. No significant 
difference was found in the vanadium and arsenic levels for both gender groups 
(see Table 5.18). Lower vanadium and arsenic exposure populations showed 
significant differences for vanadium levels in hair (BA and RN) and fingernails (RN) 
between females and males. Conversely, no significant difference was observed 
for arsenic levels in any of the biological tissues (hair and nails) between females 
and males. Closer vanadium and arsenic levels (medians) were found in hair and 
fingernails for the males and females. However, male toenails showed higher 
median values for vanadium and arsenic compared to females (see Table 5.18). 
Similar results have been reported at Montalto di Castro, (Latium, Italy), with 
higher vanadium levels in female hair samples compared to males. In addition, no 
significant differences were observed at Palermo, Mistretta and Caltagirone 
(Violante et al., 2000). Moreover, Pan and Li (2015) reported higher levels of Ba, 
Co, Ga, U, Ca, Mg and Zn, in female hair in a high trace metal exposure area, 
while Mn, Pb, Tl, Cs, Rb, Mo and As were of higher levels in males. On the other 
hand , Phan et al. (2013) found no significant difference in the levels of trace 
elements (As, Mn, Ba, Cd, Cr, Cu, Zn, Se, Ni, Ag and U) between gender groups 
of the residents living in the Mekong River basin; Cambodia (Phan et al., 2013). In 
addition, previous studies in Argentina showed high arsenic levels in hair were 
found in male samples from low arsenic exposure sites, while no significant 
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difference was found between genders within a high exposure region (Farnfield, 
2012). Another study (Santa Fe; Argentina) revealed significant differences for 
arsenic, copper, iron, vanadium and selenium levels in hair levels between males 
and females with lower levels found in females (Lord, 2014).  
Table 5.18: Vanadium (V) and arsenic (As) levels (number of samples, (median; 
mg/kg)) in hair, fingernails and toenails from female and male groups 
from a high vanadium and arsenic exposure site (La Pampa, LP) and 
lower exposure sites (Buenos Aires (BA) and Río Negro (RN)), and 
the statistical differences between females and males using Mann-
Whitney U-test. 
Province Element 
Female Male 
Ucalc |𝒛|calc P 
Significant 
Difference n (Med) n (Med.) 
LP 
H-V 25 (0.73) 26 (0.83) 310.5 0.27 0.79 No 
H-As 25 (0.52) 26 (0.53) 322.5 0.05 0.97 No 
FN-V 17 (1.39) 14 (0.50) 89.5 1.17 0.25 No 
FN-As 17 (0.80) 14 (0.46) 89.5 1.17 0.25 No 
TN-V 25 (0.19) 26 (0.19) 313.5 0.22 0.83 No 
TN-As 25 (4.49) 26 (3.51) 319 0.11 0.92 No 
BA 
H-V 66 (0.80) 44 (0.43) 955.5 3.03 < 0.05 Yes 
H-As 66 (0.09) 44 (0.09) 1417 0.21 0.83 No 
FN-V 58 (0.16) 38(0.13) 939 1.22 0.22 No 
FN-As 58 (0.21) 38 (0.19) 1046 0.42 0.68 No 
TN-V 64 (0.13) 43 (0.14) 1360 0.10 0.92 No 
TN-As 38 (0.13) 43 (0.36) 297.5 4.92 < 0.05 Yes 
RN 
H-V 70 (0.28) 36 (0.36) 881 2.53 < 0.05 Yes 
H-As 70 (0.30) 70 (0.28) 2380 0.29 0.77 No 
FN-V 62 (0.22) 30 (0.36) 881 2.53 < 0.05 Yes 
FN-As 62 (0.18) 30 (0.16) 883 0.39 0.70 No 
TN-V 65 (0.28) 27 (0.43) 657.5 1.89 0.06 No 
TN-As 65 (0.13) 27 (0.33) 792.5 0.73 0.47 No 
LP = La Pampa participants; BA = Buenos Aires, Moron; n = number of samples in group; Med 
= median, P = probability level; Two-tailed test; 𝑧crit values = 1.65 (P = 0.05). 
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Moreover, arsenic, iron, manganese and selenium were higher in males while 
copper, vanadium and zinc were higher in females. The findings of this study 
estimate that at high exposure levels, women could be more vulnerable to trace 
elements than males. Berglund et al. (2011) reported that women are at higher risk 
to trace element exposure compared to males. This is in agreement with this study 
in La Pampa. However, higher levels of arsenic and vanadium in low exposure 
areas can be explained by the fact that men spend more time outside compared 
to women, and hence have a larger exposure to the trace elements (Freeman et 
al., 2005). Finally, the influence of gender difference on the level of accumulation 
of vanadium, arsenic and other elements is largely related to other factors including 
exposure frequencies, metabolism and the physiological  role of the elements in 
the two genders (Pan and Li, 2015; Vahter et al., 2007). 
5.10 Summary 
Vanadium, arsenic and other trace element levels were evaluated in scalp 
hair, fingernails and toenails from participants living in Río Negro (General Roca), 
La Pampa (General San Martin and Eduardo Castex) and Buenos Aires (Moron 
Capital Federal). Chapter four highlighted high levels of vanadium and arsenic in 
waters from the study locations according to the following order: La Pampa > 
Moron > Río Negro. This chapter investigated the influence of the ingestion of high 
levels of these elements via drinking water, on the participants’ biological tissues, 
and therefore on their health status. The range of vanadium and arsenic in hair, 
fingernails and toenails reflected the levels in drinking water. The elemental levels 
in human samples from La Pampa showed very wide ranges and the highest 
median values for vanadium and arsenic in hair (0.02 -14.25 (median: 0.78) mg/kg 
V and 0.04 - 25.87 (median: 0.52) mg/kg As), fingernails (0.02 - 50.89 (median: 
1.3) mg/kg V and 0.07 - 21.35 (median: 0.67) mg/kg As) and toenails (0.02 – 40.55 
(median: 3.83) mg/kg V and 0.07 – 29.03 (median: 3.99) mg/kg As). However, 
significantly low vanadium and arsenic levels were observed in Buenos Aires 
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participants; drinking tap water, hair (0.05 -7.13 (median: 0.58) mg/kg V and 0.03 
– 2.56 (median: 0.09) mg/kg As), fingernails (0.02 -2.64 (median: 0.14) mg/kg V 
and 0.02 – 0.92 (median: 0.20) mg/kg As) and toenails (0.01 - 0.68 (median: 0.13) 
mg/kg V and 0.04 – 8.37 (median: 0.41) mg/kg As). The narrowest vanadium and 
arsenic ranges were found in Río Negro hair (0.02 – 1.48 (median: 0.32) mg/kg V 
and 0.01 – 1.77 (median: 0.29) mg/kg As), fingernails (0.02 – 1.48 (median: 0.27) 
mg/kg V and toenails 0.03 – 1.22 (median: 0.23) mg/kg As). On the other hand, 
levels of arsenic in fingernails (0.03 – 1.29 (median: 0.18) mg/kg As) and vanadium 
in toenails (0.02 - 1.56 (median: 0.32) mg/kg V) in the Río Negro samples were 
more distributed than the Moron samples. 85% of the hair samples from the overall 
population of this study were found to have vanadium concentrations exceeding 
the proposed normal level (> 0.16 mg/kg). Also, 52% exceeded the value that 
indicates an over-exposure to vanadium (> 1.5 mg/l V) reported by Pozebon et al. 
(1999). Similarly, 61% of the whole population exceeded the arsenic value 
proposed for an over-exposure to arsenic proposed by Mandal and Suzuki (2002). 
In addition, 66% of vanadium levels in the overall fingernails were higher than the 
proposed normal reference range (0.027 – 0.114 mg/kg V) by Goullé et al. (2009). 
Moreover, 65% of the arsenic levels in fingernails were higher than the reported 
normal reference range of arsenic in fingernails (0.005 - 0.086 mg/kg) by Goullé et 
al. (2009). Also, 80% of vanadium levels and 76% of arsenic levels in toenails of 
the overall population exceeded the proposed normal levels ((0.007– 0.070 mg/kg 
V and 0.033 – 0.413 mg/kg As) by Goullé et al. (2009).  
 Both high and low exposure provinces showed significant positive 
Spearman correlations between water levels and elemental concentrations in hair, 
fingernails or toenails (P < 0.0001). This is in agreement with the outcomes of a 
Kruskal- Wallis test. Furthermore, the correlation between vanadium and arsenic 
between hair, fingernails and toenails were evaluated. All human samples (hair, 
fingernails and toenails) from the high exposure sites showed very strong 
Spearman correlations for the levels of vanadium/arsenic between each other (P< 
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0.01; see Table 5.14). However, only Río Negro human samples showed no 
significant Spearman correlations for vanadium levels in hair, fingernails and 
toenails. On the other hand, a significant Spearman correlation exists between the 
levels of vanadium in hair and the levels in nails in La Pampa (P < 0.0001). 
Moreover, a very good Spearman correlation was found between the levels of 
vanadium in water and hair samples (P < 0.0001). Arsenic in the La Pampa 
samples also showed strong Spearman correlations between water levels and 
biological samples. The strongest correlation was for arsenic in water with toenails 
(rs = 0.656, P < 0.0001) while hair (rs = 0.547, P < 0.0001) and fingernails (rs = 
0.567, P < 0.0001) showed similar correlations with water. 
Health status was investigated using the Mann-Whitney U test. Even though 
the high exposure area showed higher median levels of vanadium/arsenic in the 
entire unhealthy group, there were significant differences in the levels of 
vanadium/arsenic in hair, fingernails and toenails (P < 0.05), with the exception of 
arsenic in fingernails (P = 0.346); this might be due to the small population. 
The influence of other factors (age and gender) on the levels of vanadium 
and arsenic in hair, fingernails and toenails were also evaluated. In the site with 
high vanadium and arsenic exposure (La Pampa), higher median values of both 
vanadium and arsenic levels were found in the adult samples compared to 
children, while no significant difference was found in any of the biological tissues 
between adults and children of this area (P < 0.05). Conversely, the low vanadium 
and arsenic exposure sites (Río Negro) showed significant differences in the level 
of accumulation of vanadium and arsenic between adults and children. Children 
showed higher median levels of vanadium and arsenic in fingernails and toenails 
whilst adults showed larger median levels for arsenic in hair. 
Even though the medians of vanadium and arsenic in all La Pampa human 
samples were higher for females compared to males, no significant differences 
were found between the genders (see Table 5.18). However, the lower vanadium 
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and arsenic exposure population showed significant differences for vanadium 
levels in hair (BA and RN) and fingernails (RN) between females and males. 
In conclusion, this study showed the strong, positive correlation between 
the levels of vanadium/arsenic and human sample levels. Hair, fingernails and 
toenails were used as biomarkers as they are non-invasive and can be reliably 
used to evaluate the levels of vanadium, arsenic and other trace elements, and 
their correlation to heath disorders. There are a lot of complex and contradictory 
results published discussing the effect of co-factors, such as age, gender and body 
mass index, on the accumulation of trace metals, but the mechanism is certainly 
complicated and unpredictable (Lord, 2014; Kempson and Lombi, 2011). A 
significant correlation was found between the levels of vanadium/arsenic and 
health problems. People living in farms do not have access to treated water, so 
consume groundwater for drinking, washing and cooking food. The next chapter 
will study a possible vanadium, arsenic and fluoride removal technology, which is 
low-cost and simple-to-use removal method based on utilising aluminium and iron 
electrode-deposition (electro-coagulation). 
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6.0 Introduction  
In this chapter electrocoagulation was evaluated for the possible removal of 
vanadium (total vanadium; VT, vanadyl; VIV and vanadate; VV), arsenic (total 
arsenic; AsT, inorganic arsenite; iAsIII and inorganic arsenate; iAsV) and fluoride (F-
) from Argentine water. Iron and aluminium electrodes were assessed separately 
to measure removal efficiency of the elements of interest. Each device was simply 
made of two iron/aluminium electrodes. The electrodes have the dimensions of 
12.5 x 3.5 cm length, 2 mm thickness and 3 mm a part. For field-based 
experiments, the electrodes were connected to a 12 x 12 cm photovoltaic solar 
panel (Solarex MSX-01, 1.1 Watt) while for laboratory- based experiments, they were 
connected to a 0.2 A power supply (30 mV). The removal was based on the release 
of iron/aluminium oxy-hydroxides by the electrical current followed by the co-
precipitation of the elements of interests (section 6.1). Several factors were 
reported to influence the removal of vanadium, arsenic and fluoride using 
electrocoagulation. As a consequence, the effect of concentration, species, pH, 
competing elements such as phosphate and sulphate in terms of the removal 
process were investigated and reported in sections 6.1.2 to 6.1.5. The field-based 
experiments were conducted at two sites in La Pampa (General San Martin), 
Argentina, using the solar panel supply (section 6.2). 
6.1 Principles of Electrocoagulation Using Iron/Aluminium 
Electrodes 
The principle of electrocoagulation/electroflotation is based on the formation 
of in-situ coagulates/sorbent agents using soluble iron or aluminium electrodes that 
enhance the removal of heavy metals via the absorption or adsorption of these 
compounds (Adjeroud et al., 2015; Bazrafshan et al., 2015; Jun et al., 2015; Mota 
et al., 2015; Emilijan et al., 2014). Several advantages were reported using 
electrocoagulation for heavy metals removal compared to the other techniques 
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including easy operation, less added chemicals and no by-product pollutants (Jun 
et al., 2015). Three stages were documented to take place during 
electrocoagulation: (i) coagulate formation as a result of  the oxidation of the 
electrode (anode) and the water electrolysis (cathode), (ii) destabilization by the 
metal cations reduction on cathode surface and hydroxide formation that enhance 
metal ions precipitation and (iii) aggregation to form flakes (Mota et al., 2015; 
Mollah et al., 2001). 
 
Figure 6.1: Electrocoagulation stages using iron electrode. 
Iron electrodes have been used to remove heavy metals from wastewater, 
groundwater and industrial effluent (Mota et al., 2015; Emilijan et al., 2014; Kobya 
et al., 2014; Rincon and Motta, 2014; Khandegar and Saroha, 2013a; Verma et 
al., 2013; van Genuchten et al., 2012). Figure 6.1 shows the process of 
electrocoagulation using iron electrodes. Iron dissolution first takes place at the 
anode. Simultaneously, hydrogen formation occurs at the cathode. The produced 
iron(II) is then either oxidized to solid iron(III) hydroxide (Fe(OH)3(s)) or reacts with 
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the hydroxide ion to form solid iron(II) hydroxide (Fe(OH)2(s)). The former is more 
efficient in the removal than the later because it is with a larger surface that lead 
to rapid adsorption of the soluble organic and inorganic compounds (Kobya et al., 
2014). Iron (III) is soluble in water at pH lower than pH 3.5 while insoluble at higher 
pH in the form of iron (III) (oxy)(hydro)xides. 
 
Figure 6.2: Electrocoagulation stages using aluminium electrode. 
The main reactions taking place with the electrocoagulation using 
aluminium electrode are shown in Figure 6.2.The dissolution of aluminium occurs 
at the anode. At the cathode, the hydroxide ions are formed which cause an 
increase in the pH of the treated solution. This is almost followed by the hydrolysis 
to polymeric aluminium oxyhydroxide (Gomes et al., 2007).  These will enhance 
the precipitation of metal ions as hydroxides and co-precipitate with aluminium 
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hydroxide. Different aluminium species were reported at different pH levels. For 
example, at pH < 4 the predominant species is Al(H2O)63+ which hydrolyse with an 
increase in pH (Gomes et al., 2007). Moreover, Al(OH)2+ and Al(OH)2+ are the 
predominant species between pH 5 to 6 (Kobya et al., 2014). In addition, the 
insoluble Al(OH)3 is the most prevalent species at pH 5.2 and 9. Above pH 9 the 
soluble species Al(OH)4- is the predominant species above pH 10 (Emamjomeh et 
al., 2011; Gomes et al., 2007). The amorphous nature of the aluminium hydroxides 
produced at pH 4 to 10 provide a large surface for the adsorption of the arsenic 
species (Gomes et al., 2007). The general reaction process taking place during 
electrocoagulation using aluminium electrode is shown in Figure 6.2 (Emamjomeh 
et al., 2011). 
The edge-sharing FeO6 octahedral can efficiently bind with arsenic (van 
Genuchten, 2013; van Genuchten et al., 2012). The replacement of aluminium 
electrodes with  iron can provide another arsenic removal mechanism (Gomes et 
al., 2007). Fluoride ions can be also treated using an aluminium electrode. The 
removal mechanism is based on the competition of the fluoride and hydroxide ions 
with the aluminium ions resulting in the formation of the solid Al(OH)3-xFx 
(Emamjomeh et al., 2011; Hu et al., 2005).  
6.1.1 Method 
A series of two hour experiments were conducted using different 
concentrations of vanadium, arsenic and fluoride individually and as multi-element 
solutions. One liter of total vanadium at concentrations of 250, 500 and 1000 g/l 
V were prepared in DDW and the pH of each standard was controlled at pH = 8 
(this being the average pH of La Pampa groundwater) before the 
electrocoagulation treatment. The pH was controlled using 5% v/v hydrochloric 
acid (Trace element grade, Fisher Scientific, UK) or 2.5 % v/v ammonium 
hydroxide (Trace element grade, Fisher Scientific, UK). Then 500 ml of each 
standard was used for the removal experiment. The other 500 ml was used for the 
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aluminium electrocoagulation experiments which was conducted parallel with the 
iron electrode experiments. Sub-samples of 5 ml were collected at different time 
periods (0, 5, 10, 15, 30, 60, 90, 120 minutes) using a 10 ml BDTM plastic syringe. 
The pH, redox potential (Eh) and electrical conductivity (EC) were measured at 
each time period using a Hanna HI 98129 Digital Combo Meter (Hanna 
Instruments Ltd, Bedfordshire, UK) and a HI 98120 Digital ORP Meter (Hanna® 
instruments, Bedfordshire, UK).  
The same procedures were applied for the removal of total arsenic (250, 
500 and 1000 g/l As) using Fe/Al electrocoagulation. Moreover, individual 
experiments for fluoride (3, 5 and 10 mg/l F-) removal were conducted using similar 
procedures. In addition, multi-element standards of 250, 500 and 1000 g/l V and 
As with 3, 5 and 10 mg/l F- were investigated to understand the effect of the 
presence of other elements on the removal efficiency of each element of interest 
using both electrodes. Finally, the efficiency of electrocoagulation for the removal 
of both vanadium species (VIV and VV) at different pH was investigated.  
6.1.2 Effect of contact time and concentration  
The effect of contact on the removal efficiency of vanadium, arsenic and 
fluoride was investigated by collecting subsamples after different time periods of 
continuous electrode removal. Both aluminium and iron electrodes were used at 
the same time for 500 ml standard solutions. Figure 6.3 shows the percentage 
removal of vanadium at different levels (250, 500 and 1000 g/l V) using aluminium 
(Figure 6.3a) and iron electrodes (Figure 6.3b). After two hours both aluminium 
and iron electrodes showed 100 % removal of the different levels of vanadium. 
However, electrocoagulation using the iron electrode was generally faster (10 – 30 
minutes, 99.9 -100%) than aluminium electrode (15 – 60 minutes, 97.7 – 99.9%) 
at pH 8.  
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Figure 6.3: Electrocoagulation using aluminium (a) and iron electrodes for the 
removal of individual total vanadium standards (250, 500 and 1000 
g/l V) and a multi-element standard (500 g/l  V, As and 5 mg/l F-) 
with increasing contact time (0 – 120 minutes) at pH 8.0. 
The pH, redox potential, electrical conductivity and total dissolved solids of 
each subsample were measured at specific time periods (0, 5, 15, 30, 60 and 120 
minutes) for each individual vanadium standard and the multi-element standard 
using both aluminium and iron electrodes. The data are presented in Figure 6.4. 
The pH of all total vanadium standards was found to be slightly more alkaline with 
an increase from pH 8 to 9. Both electrodes showed similar trends for the pH 
increase (Figure 6.4a, b). Moreover, the 500 g/l V in the multi-element standard 
showed a slightly higher pH compared to the individual 500 g/l V solution. The 
redox-potential (Eh, mV) using the aluminium electrode decreased sharply over the 
range of 150 to -200 mV. On the other hand, with the iron electrode, the redox 
potential was increasing for the first five to fifteen minutes then decreasing after 
that over a range between 200 to – 150 mV. 
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Figure 6.4: The measurement of pH (a and b), redox potential (Eh/SHE) (c and d), 
and electrical conductivity (EC) (e and f) at different time periods of 
total vanadium (individual and multi-element) removal by 
electrocoagulation using aluminium and iron electrodes. 
According to the pH-Eh/SHE vanadium diagram (Figure 4.12), this can be explained 
by the faster removal of vanadium using the iron electrode due to the increase of 
the vanadium as negatively charged anions in the form of VO2(OH)2-. The redox 
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potential of 500 g/l V multi-element standard compared to the individual standard 
was slightly higher (Figure 4.12b, c). The electrical conductivity increased as the 
concentration of vanadium increased. Moreover, the electrical conductivity of 
vanadium in the multi-element standard was higher compared to the individual 
standard.  
 
Figure 6.5: Electrocoagulation using aluminium (a) and iron electrodes for the 
removal of individual total arsenic standards (250, 500 and 1000 g/l 
As) and a multi-element standard (500 g/l V, As and 5 mg/l F-) with 
increasing contact time (0 – 120 minutes) at pH 8.0. 
Electrocoagulation removal of total arsenic at different concentrations (250, 
500 and 1000 g/l As) was conducted using aluminium (Figure 6.5a) and iron 
(Figure 6.5b) electrodes. Arsenic removal took place in a shorter period of time 
compared to vanadium. The 100% removal of 250 and 1000 g/l As was achieved 
after 5 minutes using the aluminium electrode. The removal of 500 g/l As was 
after 30 minutes. This was due to the use of an uncleaned electrode which formed 
a layer on the surface minimising the production of aluminium hydroxide. Using a 
cleaned electrode to remove 1000 g/l As resulted in a 100 % removal within five 
minutes. In addition, the use of the iron electrode resulted in a 100 % removal after 
five minutes for all the arsenic levels investigated (Figure 6.5b). Finally, applying 
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electrocoagulation to individual or multi-element standards showed a similar trend 
in terms of the removal efficiency and required contact time. 
The physiochemical parameters, including pH, Eh and EC, using both 
aluminium and iron electrodes for the removal of arsenic at different time periods 
(0 – 120 minute) were measured and the results are outlined in Figure 6.6. 
Generally, the pH increased from 8 to 9 (Figure 6.6a, b). The drop in pH with the 
500 g/l As solution was because the electrodes were washed using 5% nitric acid 
instead of DDW. However, the pH at the end reached a level of 9 as was found for 
the other standards. The redox potential of the arsenic standards decreased 
sharply over a range of 50 mV to – 100 mV at the end of the thirty minutes. The 
drop in Eh and an increase in pH can lead to the conversion of the arsenic from the 
neutral form H3AsO3 to the negatively charged form H2AsO3- (Figure 4.11). This 
enhanced the absorption/ adsorption process resulting in the production of iron 
hydroxide. The redox-potential for the removal of arsenic in the individual arsenic 
standard was similar to the arsenic removal using a multi-element standard for 
both aluminium and iron electrodes (Figure 6.6b, c). In general, the electrical 
conductivity using both electrodes decreased for the 250 and 1000 g/l solutions 
(Figure 6.6e, f). This can be explained by the formation of the insoluble solids at 
the end of the electrocoagulation process.  
The same experimental procedures for arsenic removal were used for 
fluoride (3, 5 and 10 mg/l, pH = 8). The results for the fluoride removal by 
electrocoagulation using aluminium (a) and iron (b) electrodes are presented in 
Figure 6.7. Fluoride removal required a longer time (120 minutes) compared to 
that found for arsenic and vanadium. The percentage removal of 3, 5 and 10 mg/l 
F- using the aluminium electrode ranged from 91.4 to 96.8 % after 120 minutes. 
At the end of the experiment, fluoride levels were lower than the World 
Health Organisation (WHO) guideline limits for fluoride (1.5 mg/l) in drinking water. 
Moreover, the iron electrode experiment showed similar results for the high levels 
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of fluoride (5 and 10 mg/l) whilst the lower concentration standard (3 mg/l) showed 
a lower removal percentage. On the other hand, all the treated fluoride standards 
showed levels lower than or equal to 1.5 mg/l (94 – 50% removal). 
  
Figure 6.6: The measurement of pH (a and b), redox potential (Eh/SHE) ( c and d), 
and electrical conductivity (EC) (e and f) at different time periods for 
the removal of total arsenic (individual and multi-element) using 
electrocoagulation by aluminium and iron electrodes. 
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Faster  fluoride removal using the aluminium electrode is believed to be due 
to the formation of strong complexes of fluoride with aluminium, such as, AlF2+, 
AlF2+, AlF3, and AlF4− which precipitate as Al(OH)3-xFx when the pH reaches 6 or 
by segregation as cryolite (Na3AlF6) (Emamjomeh et al., 2011). The efficiency of 
the removal has been reported to decrease when the pH increases from 8 to 10 
(Emamjomeh et al., 2011). 
A large number of studies have investigated fluoride removal by 
electrocoagulation using an aluminium electrode whilst there is a scare number of 
studies outlining the use of an iron electrode (Aoudj et al., 2015). The mechanism 
of the reaction between fluoride (via adsorption or co-precipitation) and aluminium 
, or between fluoride and iron are shown below (Aoudj et al., 2015; Bayramoglu et 
al., 2004): 
Aln(OH)3n + mF
−− → AlnFm(OH)3n−m + mOH
− Eq. 6.1 
nAl3+ + (3n − m)OH− + mF−− → AlnFm(OH)3n−m Eq. 6.2 
Fe(OH)3 + 3F
−− → FeF3 + 3OH
− Eq. 6.3 
Many studies have shown that the removal of fluoride by electrocoagulation 
using an aluminium electrode is more efficient compared to the removal using an 
iron electrode (Aoudj et al., 2015; Tezcan Un et al., 2013; Bayramoglu et al., 2004). 
This is due to the higher affinity of the formed aluminium coagulant towards fluoride 
(𝐴𝑙𝑛𝐹𝑚(𝑂𝐻)3𝑛−𝑚) which can be separated effectively in comparison to iron 
coagulants (Tezcan Un et al., 2013). 
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Figure 6.7: Electrocoagulation using aluminium (a) and iron electrodes for the 
removal of individual total fluoride standards (3, 5 and 10 mg/l F-) and 
a multi-element standard (500 g/l V, As and 5 mg/l F-) with increasing 
contact time (0 – 120 minutes) at pH 8.0. 
A multi-element standard of 1000 g/l As, V and 10 mg/l F- was prepared in 
DDW. The pH of the standard was adjusted to pH 8 using 2.5% ammonium 
hydroxide. The coagulation of the three constituents was done using both 
aluminium (Figure 6.8a) and iron electrodes (Figure 6.8b). V, As and F- were 
removed with similar efficiency when each element was treated individually with 
the aluminium electrode. However, when the iron electrode was used with the 
multi-element standard, fluoride removal decreased to 34 %. On the other hand, 
no effect was observed in terms of the vanadium and arsenic percentage (100 %) 
removal with the presence of each other and fluoride. This can be due to the 
competition of vanadium and arsenic with fluoride.  
The physiochemical properties were measured for each subsample 
collected at different time periods. The iron electrode showed a reduced removal 
efficiency when fluoride was prepared in the multi standard solution including 
vanadium and arsenic. To understand the possible factors affecting the removal 
mechanism, the physiochemical properties of each individual fluoride standard and 
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the multi-element standard (5 mg/l F- prepared with 500 g/l V and As) were plotted 
for the aluminium and iron electrodes (Figure 6.9). 
 
Figure 6.8: Electrocoagulation using aluminium (a) and iron electrodes for the 
removal of the multi-element standard (500 g/l  V, As and 5 mg/l F-) 
with increasing contact time (0 – 120 minutes) at pH 8.0. 
The pH of the subsamples collected after the treatment using both 
aluminium and iron electrodes resulted in an increase of pH from 8 to 10. The pH 
of the 5 mg/l F- added to a multi-element standard solution increased according to 
the same trend as the individual fluoride standard. On the other hand, the pH of 
the former was slightly higher compared to the latter when treated using the iron 
electrode. Moreover, the redox-potential of all standards (individual and multi-
element) dropped to - 200 mV when the removal was conducted using the 
aluminium electrode (Figure 6.9d). On the other hand, when the iron electrode 
was used, the redox-potential decreased in the multi-element standard (-33 mV) 
compared to the individual fluoride standard (-115 mV) over the two hour contact 
time. 
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Figure 6.9: The measurement of pH (a and b), redox potential (Eh/SHE) (c and d), 
and electrical conductivity (EC) (e and f) at different time periods of 
total fluoride (individual and multi-element) removal by 
electrocoagulation using aluminium and iron electrodes.  
6.1.3 pH effect 
pH is an important factor affecting the process of electrocoagulation due to 
the formation of different complexes that vary in terms of the level of solubility with 
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the change in pH (Kobya et al., 2014; Drouiche et al., 2012; Chen et al., 2000). 
The effect of pH on the efficiency of vanadium species (VIV and VV) was 
investigated by preparing five liters of each species in DDW. Then the prepared 
standards were divided into six containers and the pH (4 - 9) was controlled using 
2.5% ammonium hydroxide and 5 % hydrochloric acid. Figure 6.10 a and b 
showed the % removal of each species after a time period of thirty minutes. The 
electrocoagulation using an aluminium or iron electrode showed that almost a 100 
% removal at a pH between 4 and 9 (Figure 6.10).  
 
Figure 6.10: Electrocoagulation using aluminium (a) and iron electrodes for the 
removal of the vanadium species (VIV and VV) at pH range btween 4 
and 9.0. 
There was a small decrease (about 6 %) in the removal of VIV after pH 7. 
Moreover, there was also a decrease in the percentage removal of VV after pH 7 
but it was less (1 %) compared to VIV. The decrease in the vanadium concentration 
can be explained by the adsorption or co-precipitation of vanadium species with 
the aluminium or iron hydroxides.  Kobya et al. (2014) reported that the removal 
efficiency of vanadium between pH 5 - 9 was 99.95% and it decreased to 20.27% 
as the pH increased to 12. This behaviour was explained by the presence of the 
main vanadium species V10O286-, V3O93- and H2VO4- at pH 6 – 8 (Kobya et al., 
2014). In aqueous solution, vanadium is expected to transform into different 
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species at different pH levels; such as (i) at pH < 2, cationic vanadium species are 
expected to to dominate in the forms of VO2+ and V2O5.H2O, (ii) at pH 2 – 6, the 
anionic vanadium predominate in the forms of V10O286-, HV10O285-, H2V10O284-,  
V10O93-, (iii) pH 6 -8 the anionic vanadium species are V3O93-, V2O94- and HVO42- 
(iv) pH 8 – 12 vanadium is found as V2O74- species (v) and at pH > 12 vanadium is 
in the form of VO43- (Kobya et al., 2014; Zeng et al., 2010). 
A previous study investigated the coagulation removal of arsenic from 
Argentine groundwater used an iron electrode (Farnfield, 2012). Moreover, 
vanadium species removal at different pH was not detailed. Furthermore, no 
investigation about the possible removal of fluoride using an iron electrode was 
outlined. The inorganic arsenic species (iAsIII and iAsV) are found in different forms 
at different pH ranges (Kobya et al., 2014). For example, iAsIII was neutral 
(H3AsO3) at pH range < 9.2 and anionic (H2AsO3-) over a pH range of 9.2 to 12.7. 
On the other hand, iAsV was found as H2AsO4- within a pH range of 2.2 and 6.9. 
As a contrast, between 6.9 to 11.9 arsenic existed in the form of H2As42- and at pH 
> 12 in the form of AsO43- (Henke, 2009), as can be seen in Figure 6.11. 
Two possible mechanisms were reported for the interaction of iAsIII and iAsV 
(Kobya et al., 2014; Escudero et al., 2009; Meng et al., 2000). The main 
mechanism suggested the exchange of the arsenic species with the hydroxide 
sphere coordinated to iron(III) oxide surfaces (Escudero et al., 2009; Martinez-
Villafane et al., 2009). The second mechanism is based on the adsorption through 
the electrostatic binding of the species on the iron hydroxide surface (Meng et al., 
2000). At pH < 10, iAsV was suggested to bind to the iron-hydroxide surface 
forming complexes (Kobya et al., 2014). 
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Figure 6.11: Distribution of iAsVand iAsIII species as a function of pH at an ionic 
strength of 0.04 M adapted from (Meng et al., 2000). 
The removal of arsenic using an aluminium electrode was found to be more 
efficient than for an iron electrode at pH < 6 (Kobya et al., 2011) because of the 
formation of the Al(OH)3(s) which is insoluble and can be easily precipitated. At pH 
> 6, the removal follows the adsorption mechanism (Martinez-Villafane et al., 
2009). The removal of both iAsIII and iAsV was investigated at different pH levels. 
The percentage removal of both iAsIII and iAsV was found to be above 90 % over a 
pH range from 5 to 9 (Farnfield, 2012). Other studies have shown an increase in 
the % removal at pH 4 to 7 (Balasubramanian et al., 2009) and at pH 4.5 to 6.5 
(Wan et al., 2011). The removal of the inorganic form was found to be less efficient 
(< 45 %) due to the dissolution of the precipitate at low pH. Moreover, at a pH more 
than 10 the % removal of both species was found to decrease, especially with iAsV, 
due to the formation of doubly and triply (HAsO42- and AsO43-) charged species. It 
has been suggested that this is due to an increase in the repulsion with the anionic 
iron-hydroxides. On the other hand, an increase of the pH from 5 to 9 was noted 
to enhance the removal efficiency for arsenic when the an aluminium electrode 
was used (Kobya et al., 2011). 
The efficiency of electrocoagulation removal of fluoride using an aluminium 
electrode was reported to be related to the formation of Al(OH)3 flocs. The best 
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fluoride removal efficiency was found at pH 6 to 9 due to the optimal formation of 
the insoluble coagulate (Tezcan Un et al., 2013; Gong et al., 2012b; Zhao et al., 
2009).  
6.1.4 Competing anions: Phosphate 
The effect of the presence of phosphate anions (H2PO4- and HPO42-) on the 
efficiency of vanadium species (VIV and VV) removal using iron and aluminium 
electrodes was investigated. This was done by increasing the concentration of the 
phosphate anion (0, 0.5, 1.0 and 2.5 mg/l) PO43- prepared from a 10000 mg/l stock 
solution (Aristar®, BDH Labororatory Supplies Ltd, UK). The pH was adjusted to 
pH 7 using 2.5 % ammonium hydroxide. Based on the contact time removal 
(section 6.1.2), the vanadium species showed a 100 % removal after thirty minutes 
contact time with increasing phosphate concentration (PO43-) using the iron 
electrode (Figure 6.12a). However, the removal took a longer time, especially with 
VV (Figure 6.12b). This was overcome in the field-based experiment by using a 
longer removal time (one-hour). This may be due to the competition between 
phosphate and vanadate (VV) anions that are adsorbed onto the iron hydroxide. 
Moreover, phosphate was reported to slow the formation of the sorbent as a result 
of slowing the oxidation of Fe2+ to Fe3+ (Wan et al., 2011). 
The effect of phosphate on the efficiency of vanadium species removal 
using an aluminium electrode was conducted. Similar experimental methods 
involving an iron electrode were used. Figure 6.12c showed a 100 % removal of 
VIV with a five minute contact time, without and with an increasing phosphate level. 
This indicates that increasing the level of phosphate had no effect on the VIV 
removal using electrocoagulation. A 100% removal of VV was observed after a 
thirty minute contact time (Figure 6.12d). This is due to the competition of 
phosphate with vanadate and the slower formation of hydoxy aluminium sorbents. 
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Figure 6.12: Coagulation using (a,b) iron and (c,d) aluminium electrodes for the 
removal of the vanadium species (1000 g/l VIV, 1000 g/l VV) with increasing 
phosphate (0, 0.5, 1.0 and 2.5 mg/l PO43-) contact time (30 minutes) at pH 8.0. 
Phosphate was reported to cause a decrease in the % removal of arsenate 
and arsenite with an increased effect for iAsIII (Farnfield, 2012; Lakshmipathiraj et 
al., 2010) This was due to the formation of mono and di anionic charged species 
that are in competition with phosphate. Moreover, the presence of phosphate was 
noted to slow down the oxidation of Fe2+ to Fe3+. This can reduce the amount of 
produced sorbent and hence result in a longer contact time being required (Wan 
et al., 2011). 
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6.1.5 Competing anions: Sulphate 
The impact of sulphate as a competing anion with vanadium was 
investigated in this study. A five liter standard solution of 1000 g/l vanadium 
species (VIV and VV) was prepared with the addition of 10 and 100 mg/l sulphate 
(SO42-) prepared from a 1000 mg/l SO42- stock solution (Aristar®, BDH 
Labororatory Supplies Ltd, UK). 500 ml of each standard was used for vanadium 
species removal by the electrocoagulation method using either the iron (Figure 
6.13a,b) or the aluminium (Figure 6.13c,d) electrode. The pH was adjusted to 7 
using 2.5 % ammonium hydroxide. Figure 6.13 showed the removal of VIV (a, c) 
and VV (b,d) using the iron or aluminium electrode. Sulphate had no effect on the 
% removal or the contact time for both vanadium species.  
The removal of the vanadium species using an iron electrode showed 
similar results. No effect was observed on the % removal of VIV or VV with 
increasing sulphate concentration. Another study also investigated sulphate 
competition with inorganic arsenic species (Farnfield, 2012). The increase of 
sulphate concentration from 0.5 – 2.5 mg/l SO42- showed no effect on the overall 
efficiency of the removal of both species using an iron electrode. On the other 
hand, a slower removal rate of arsenite was found compared to arsenate with an 
increasing sulphate concentration. This was due to the higher affinity of iron 
hydroxide for arsenate compared to sulphate (Farnfield, 2012; Lakshmipathiraj et 
al., 2010). However, Lakshmipathiraj et al. (2010) reported a decrease in the 
removal efficiency of arsenite with an increase in the sulphate level due to the 
possible adsorption of sulphate onto the surface instead of hydroxide ions. As a 
consequence, less surface area, a possible corrosion process and a reduction of 
the sorbent leads to the inhibition of arsenite removal. 
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Figure 6.13: Coagulation using (a,b) iron and (c,d) aluminium electrodes for the 
removal of the vanadium species (1000 g/l VIV, 1000 g/l  VV) with 
increasing sulphate (0,10 and 100 mg/l SO42-) contact time (30 
minutes) at pH 8.0. 
The pH, alkalinity and the co-existing anions have been reported to affect 
the removal efficiency of fluoride using an aluminium electrode (Martínez-Miranda 
et al., 2011; Hu et al., 2003). Sulphate was found to inhibit the de-fluoridation using 
electrocoagulation due to an inhibition of the aluminium electrode corrosion (Hu et 
al., 2003). On the other hand, the inhibition can be prevented by the presence pf 
chloride and nitrate (Hu et al., 2003). Moreover, sulphate showed no effect on 
fluoride removal when the electrocoagulation was conducted using an iron 
electrode (Martínez-Miranda et al., 2011). 
0 5 10 15 20 25 30
0
20
40
60
80
100
120
Time/ min
 %
 R
e
m
o
v
a
l 
(V
IV
)
[0] SO4
2- [10] SO4
2-
a
0 5 10 15 20 25 30
0
20
40
60
80
100
120
Time/ min
 %
 R
e
m
o
v
a
l 
(V
IV
)
[0] SO4
2- [10] SO4
2-
c
0 5 10 15 20 25 30
0
20
40
60
80
100
120
Time/ min
 %
 R
e
m
o
v
a
l 
(V
V
)  
b
[100] SO4
2-
0 5 10 15 20 25 30
0
20
40
60
80
100
120
Time/ min
 %
 R
e
m
o
v
a
l 
(V
V
)  
d
[100] SO4
2-
Chapter 6: Elemental Removal from Water 
305 
6.2 Field Application 
Field-based experiments were conducted to evaluate the removal of 
vanadium, arsenic (total and species) and fluoride efficiency by electrocoagulation 
using both aluminium and iron electrodes. At the time of these experiments, the 
vanadium speciation method using solid phase extraction had not been developed.  
 
Figure 6.14: Field-based electrocoagulation experiment using a solar panel with 
percentage vanadium, arsenic and fluoride removal plotted as a 
function of contact time uaing an aluminium electrode (a, 60 minutes) 
or iron electrode (b, 30 minutes). Each experiment used a 10 liter 
solution. 
However, vanadium speciation was conducted in another time frame after the 
method development was completed. The experiment was applied at two field-
sampling sites in General San Martin (La Pampa). The electrodes were connected 
to a solar panel. The physiochemical properties (pH, electrical conductivity, total 
dissolved solids and redox potential) were measured for each sub-sample 
collected after a specific time period within the overall experimental time of forty 
minutes.  
Two liter samples were taken back to the laboratory to rerun the 
experiments using the electrodes connected to the electrical supply (30 mV) so as 
to further investigate the optimum contact time and the optimum conditions 
required for the removal of the element (Figure 6.15).  
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Figure 6.15: Laboratory-based electrocoagulation experiment using an electrical 
supply (30 mV) with percentage vanadium, arsenic and fluoride 
removal plotted as a function of contact time using the aluminium 
electrode (a, 60 minutes) and iron electrode (b, 60 minutes). 
Experiments based on using a 1 liter sample. 
Vanadium, arsenic and fluoride removal using the aluminium electrode in 
relation to a General San Martin groundwater sample (Figure 6.15a) was 
conducted in the laboratory for 180 minutes. The percentage removal was: 98 %, 
99 % and 99 % removal for vanadium, arsenic and fluoride, respectively. This 
proved that the three elements can be removed using an aluminium electrode. 
However, a longer contact time (120 minutes) was required for the 100% removal 
of vanadium and fluoride (section 6.1.2). The percentage removal of vanadium and 
arsenic using the iron electrode were 99.0% and 96%, respectively; whilst no 
removal was observed for fluoride (Figure 6.15b). As the level of these three 
components were high in groundwater, it is recommended to have four sheets of 
aluminium and iron electrodes in the same electrode. Alternatively, the aluminium 
electrode could be operated with a longer contact time (at least two hours) or the 
actual electrodes could be of a larger size. 
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Table 6.1: Field-based arsenic speciation using solid phase extraction (SPE) for 
each subsample collected after each time period of the field-based 
electrocoagulation using aluminium and iron electrodes.  
Electrode  time 
g/l  
As T iAsIII iAsV MAV DMAV 
Al 
0 233.5 203.9 38.7 10.9 2.1 
1 213.0 177.5 41.4 10.2 1.6 
5 161.8 151.0 25.3 16.5 1.5 
15 156.3 119.5 36.6 7.2 1.3 
30 94.9 103.4 8.6 16.6 1.3 
60 70.6 63.4 14.9 3.8 0.8 
Fe 
0 271.0 213.9 46.1 10.4 1.4 
1 172.8 115.5 46.4 3.7 8.9 
5 88.0 45.7 16.2 5.5 0.7 
15 40.2 15.5 6.0 1.7 0.4 
30 28.8 10.1 3.1 0.9 0.3 
60 4.7 3.6 0.6 0.3 0.1 
iAsIII = arsenite; iAsV = arsenate; MAV = monomethylarsonic acid; DMAV = dimethylarsinic acid; 
AsT = total arsenic. 
The removal of arsenic species was investigated while conducting the 
electrocoagulation in-situ, using both iron and aluminium electrodes. The 
speciation was applied for each subsample after each time period. Then the 
separation of the species was carried out after the SPE kits were transferred to the 
laboratory of the University of Surrey. Table 6.1 shows the decrease in the arsenic 
total and species (iAsIII, iAsV, MAV and DMAV) during the continuous 
electrocoagulation using aluminium and iron electrodes. The aluminium electrode 
experiment showed a decrease in all arsenic species with increasing time. All of 
the species were less than 3 g/l As after 60 minutes. Moreover, the iron electrode 
also showed a decrease in the levels of both inorganic and organic arsenic species 
as time increased. The reduction in the levels of the arsenic species under the 
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same contact time (30 minutes) using the iron electrode was more compared to 
the aluminium electrode at the same contact time.  
Table 6.2: Physiochemical properties including pH, electrical conductivity (EC 
(μS/cm)), temperature (T (C)), total dissolved solids (TDS (mg/l)) 
and redox potential (Eh/SHE (mV)) of the subsamples collected during 
the electrocoagulation using aluminium and iron electrodes at 
specific time periods.  
Electrode  time pH EC (μS/cm) T (C) TDS (mg/l) Eh/SHE (mV) 
Al 
0 7.78 2002 22.1 1002 84 
1 7.76 2001 22.2 1000 75 
5 7.73 2003 22.9 1001 -52 
15 7.74 2005 21.8 1002 -136 
30 7.76 2002 21.8 1001 -213 
60 7.76 2000 21.7 1000 -300 
Fe 
0 7.70 1970 16.1 980 45 
1 7.43 2011 16.0 1007 85 
5 7.36 2010 15.5 1004 40 
15 7.38 2006 16.1 1002 -102 
30 7.38 1998 16.4 994 -151 
The physiochemical properties were also measured while conducting field-
based electrocoagulation experiments using aluminium and iron electrodes. The 
results are outlined in Table 6.2. The pH, electrical conductivity (EC (μS/cm)), 
temperature (T (C)) and total dissolved solids (TDS (mg/l)) slightly decreased 
during the electrocoagulation process using both electrodes. Moreover, a sharp 
decrease in the redox potential was observed with increasing time for both 
electrodes. The pH and the Eh for aluminium (pH = 7.7, Eh = -300, t = 60 minutes) 
and iron (pH = 7.38, Eh = -151, t = 30 minutes) electrodes were in the form of 
H3AsO3 according to pH-Eh/SHE arsenic species diagram at the end of the contact 
time. Similar results for the removal of arsenic species at a contact time of 120 
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minutes were reported for the electrocoagulation of Eduardo Castex groundwater 
samples by Farnfield (2012). However, vanadium and fluoride removal were not 
discussed. Moreover, an aluminium electrode was not applied for the 
electrocoagulation of La Pampa groundwater in the previous study.  
6.3 Summary 
The electrocoagulation removal method of vanadium, arsenic and fluoride 
using aluminium and iron electrodes was investigated. The results showed a high 
percentage removal of vanadium, arsenic and fluoride within the recommended 
pH levels (6.5 – 9.5, (WHO, 2011). Individual standards of arsenic and vanadium 
required 15 to 30 minutes contact time while 120 minutes was required for fluoride 
removal. Moreover, a slower removal process observed when the three elements 
were in the same solution. At least 120 minutes contact time was required for 
vanadium, arsenic and fluoride removal.  On the other hand, the iron electrode 
showed a faster arsenic and vanadium removal as individual standards whilst a 
lower removal efficiency was observed for fluoride from individual standards. 
Moreover, the percentage removal of fluoride was much lower when it was 
prepared with vanadium and arsenic standards due to the competition between 
the three elements to the formed iron(oxy)hydroxides coagulates.  
The efficiency of both electrodes for the removal of vanadium species (VIV 
and VV) was evaluated over a pH range of 4 to 9. Both electrodes showed a high 
removal efficiency for both vanadium species at pH 4 to 8. However, the iron 
electrode efficiency started to decrease with increasing pH to 9 while this decrease 
was not observed with the aluminium electrode. 
The effect of competing anions, such as phosphate and sulphate, on the 
efficiency of vanadium removal using aluminium and iron electrodes was 
investigated at pH7; within the recommended range for pH in drinking water (6.5 – 
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9.5) by the (WHO, 2011).  Increasing the concentration of phosphate from 0 to 2.5 
mg/l PO43- showed no effect on the removal of vanadium using the aluminium 
electrode. On the other hand, the removal was slightly slower when the iron 
electrode was used but 100% removal was still achieved at a contact time of 30 
minutes.  
Sulphate was also investigated as it is a competing anion that was reported 
within the range between 6.8 to 3200 mg/l SO42- in Argentine groundwaters (Nicolli 
et al., 2012a; Smedley et al., 2002; Gaciri and Davies, 1993). Increasing the levels 
of sulphate (0, 10 and 100 mg/l SO42-) at pH 7 showed no effect on the removal 
efficiency of vanadium using both aluminium and iron electrodes (Figure 6.13). 
The field-based electrocoagulation experiments in General San Martin (La 
Pampa) revealed that the aluminium electrode had a high removal efficiency for 
vanadium, arsenic and fluoride but it required a longer contact time of at least 120 
minutes. The iron-electrode had a high removal efficiency for arsenic and 
vanadium but it could not remove fluoride from the solution. 
In conclusion, a high percentage removal for vanadium, arsenic and fluoride 
at the recommended pH (6.5 – 9.5) for the drinking water can be achieved by 
electrocoagulation using either an aluminium electrode or a combination of both 
electrodes to enhance the removal speed. As rural farms in La Pampa have no 
treated water, the electrocoagulation process using aluminium and iron electrodes 
will offer clean, and safe drinking water for the farmers living in these farms. 
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7.0 Introduction  
The primary aim of this study was to develop a new speciation method for 
vanadium in water samples using solid phase extraction (SPE). The method was 
validated using an inter-laboratory comparison using high performance liquid 
chromatography with inductively coupled plasma mass spectrometer HPLC-(ICP-
MS). The analytical method development was followed by field applications in 
Argentina. This was undertaken in conjunction with, physiochemical parameter 
measurements, arsenic speciation, total trace element and fluoride analysis. The 
method development was discussed in Chapter 3 and the conclusions are detailed 
in section 7.1.  
The secondary aim was to establish an inter-relationship between 
vanadium (total and species), arsenic (total and species), fluoride ion and other 
trace elements (copper, iron, manganese, molybdenum, selenium, uranium and 
zinc) in water samples collected from five geographical locations of Argentina. The 
sampling locations were Río Negro, south east La Pampa (General San Martin), 
central La Pampa (Eduardo Castex), southwest Buenos Aires (San German) and 
Buenos Aires Capital Federal (Moron). Human samples (scalp hair, fingernails and 
toenails) were collected from some sampling locations (Chapter 4) to assess the 
elemental bioavailability and the impact on human health. The conclusions are 
presented in section 7.2.  
The third aim was to evaluate a simple and cheap removal method for 
vanadium, arsenic and fluoride using electrocoagulation where treated water is 
unavailable and farmers are consuming local groundwater that contains these 
elements at levels above international regulatory guidelines for drinking water. Two 
electrodes (iron and aluminium) were tested and optimised in the laboratory before 
application in the field at selected sites in Argentina. The results were detailed in 
Chapter 6. A summary of the findings is outlined in section 7.3.  
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This study highlighted different areas showing the challenges in 
understanding the complex relationship between the elemental levels (especially 
vanadium and arsenic) in water and human samples. Moreover, elemental species 
in water (e.g. vanadium) can go through several transformations in relation to 
human metabolism, which based on the data in this research may help to 
understand possible links with chronic health problems. Further research is 
required to understand these challenges. The potential future work is detailed in 
section 7.4.  
7.1 Vanadium, Arsenic and Fluoride in Natural Water from 
Argentina 
Argentina is a well-documented country with high levels of arsenic and 
fluoride in water, especially in those provinces that are located in the Chaco-
Pampean plain (Nicolli et al., 2012a). However, only a few studies have reported 
possible high levels of vanadium that co-occurs with the above elemental 
constituents (Lord, 2014; Puntoriero et al., 2014; Nicolli et al., 2012b; Smedley et 
al., 2002). Although no guideline limit for vanadium in drinking water has yet been 
established by the World Health Organisation (WHO), vanadium has been listed 
in the United States Environment Protection Agency candidate contaminant list # 
3 (USEPA, 2009). Moreover, California’s Department of Public Health has 
proposed a notification level of vanadium (CA-NL) in drinking water of 50 g/l 
(CDPH, 2010). Arsenic speciation in different water types have been reported for 
some provinces of Argentina (Ref to Chapter 1). However, no detailed studies have 
discussed or investigated the levels of vanadium species in groundwater in any 
part of Argentina. Moreover, based on local public concerns relating water quality 
to local health issues, the south east of La Pampa (General San Martin) was 
selected for a detailed investigation. This is because no one has ever studied the 
levels elemental levels of trace elements and fluoride or the arsenic and vanadium 
species in the groundwater of this area. This was deemed to be very important as 
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this community has only recently had a new water supply provided based on a 
pipeline from the rio Colorado (over a distance of some 250 kms). Local public 
opinion was that this new supply might address water quality issues, but many 
residents live or work in nearby rural farms which have only local groundwater 
supplies. No water company or regional council studies have ever been 
undertaken to evaluate whether the chemical levels of these wells are similar or 
higher than the pre-treated groundwaters of the General San Martin township. In 
addition, central La Pampa (Eduardo Castex) has been extensively researched for 
the trace element and arsenic species levels in urban and rural groundwaters 
(Farnfield, 2012; O’Reilly et al., 2010; Smedley et al., 2002), but none of the 
previous studies have investigated the vanadium species available and whether 
any possible correlations exist with the other trace elements. 
Inductively coupled plasma mass spectrometer (ICP-MS) was used to 
determine the levels of trace elements in all collected water and human samples 
from all locations (refer to section 2.3). Fluoride was also analysed in all water 
samples using an ion-selective electrode (ISE) (section 2.6). Physiochemical 
properties, including pH, redox potential (Eh, mV), total dissolved solids (TDS, 
mg/l), conductivity (EC, S/cm) and temperature (T, ºC), were measured in-situ 
during the collection of all water samples. The collection and preparation 
procedures were outlined in section 2.1.2.  The results were outlined in sections 
4.1.2.1 and 4.2.2.1. Solid phase extraction was used to separate and stabilise the 
inorganic (arsenite; iAsIII, and arsenite; iAsV) and organic arsenic species 
(monomethyarsonic acid; MAV, and dimethylarsenic acid; DMAV) in the collected 
samples from the study areas (Watts et al., 2010). The results were discussed in 
Chapter 4 (refer to sections 4.1.2.2 to 4.1.2.5). This is the first study to separate 
the main vanadium species; vanadyl (VIV) and vanadate (VV), in groundwater 
samples in Argentina. The method development, field applications were outlined 
in Chapter 3.  
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7.1.1 Río Negro 
Río Negro was selected as a control site for this study. This is because 
previous studies have reported low levels of vanadium (0.72 – 28.2 g/l) and 
arsenic (0.2 – 34.54 g/l) in surface and ground water from different locations of 
Río Negro (Lord, 2014; Farnfield, 2012; Johansson, 2011; O’Reilly, 2010; Watts et 
al., 2010). The levels of vanadium and arsenic in surface water (0.5 – 3.30 g/l As, 
0.63 – 4.12 g/l V) were found to be lower than the World Health Organisation 
(WHO) guideline limits for arsenic in drinking water (10 g/l) and the notified levels 
of vanadium (CA-NL) in drinking water (50 g/l) proposed by California’s 
Department of Public Health (Wright et al., 2014; WHO, 2011; CDPH, 2010). All 
the groundwater and tap water samples were within the WHO guideline limits for 
arsenic in drinking water, with the exception of two groundwater samples from 
Allen and Cipolletti (NR2-GR-08 and 09), and one tap water from Steffenelli (RN2-
T-09). These samples were also of higher levels than the notified levels for 
vanadium in drinking water (50 g/l) proposed by the California’s Department of 
Public Health (Wright et al., 2014; CDPH, 2010). Fluoride levels (0.13 – 0.84 mg/l 
F-) in all sample types were lower than the WHO guideline limits for fluoride (1.5 
mg/l) in drinking water (WHO, 2011). 
Vanadium speciation using the developed SPE method revealed that 
vanadate (97.9 – 1.8 g/l VV) was the predominant vanadium species in all 
groundwater (n = 8) whilst the range of vanadyl was between 18.2 and 0.6 g/l VIV. 
Moreover, VV was also the dominant species in surface and tap water (0.9 – 3.1 
g/l VV, 0.4 - 0.6 g/l VIV, n = 12). The pH of the collected water samples was 
neutral to slightly alkaline (pH: 6.84 – 8.52) with variation in the redox potential (Eh 
= 8 – 566 mV) which it has been previously reported to favour the presence of VV 
species (Aureli et al., 2008; Cornelis et al., 2005; Wehrli and Stumm, 1989).  
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Arsenate (iAsV) was the predominant species in 57% of all water samples 
from the Río Negro province. This is in agreement with previously reported studies 
(Lord, 2014; Ward et al., 2014; Farnfield, 2012; O’Reilly et al., 2010). Moreover, 
the plotted pH and Eh/SHE measured values in the pH-Eh/SHE arsenic species 
distribution diagram showed that the distribution of the points in the digram are in 
agreement with the results of the arsenic speciation using solid phase extraction. 
From the diagram (Figure 4.11), it is clearly shown that arsenate (iAsV) is the 
predicted arsenic species for Río Negro samples in the form of the oxyanion 
HAsO42- (67 %, section 4.1.2.2). This supports the speciation results using solid 
phase extraction (SPE) for Rio Nego samples, which showed that arsenate was 
the most dominant species. 
A very strong Spearman correlation (rs = 0.963, P < 0.05) was found 
between total vanadium and total arsenic, molybdenum, selenium and uranium 
levels in most of the samples. In addition, in the Río Negro samples vanadium has 
a strong Spearman correlation with other measured constituents including As, Mo, 
and F- (Table 4.22). The Spearman correlations for Río Negro water samples (n = 
21) revealed (Table 4.23) that vanadyl (VIV) had no significant correlation with total 
arsenic and fluoride (P > 0.05), whilst a strong correlation exists with total 
vanadium (rs = 0.714, P = 0.0001). However, vanadate (VV) had a positive and 
significant correlation with total arsenic and vanadium but not with fluoride (rs = 
0.553, 0.924, for AsT and VT, repectively). VIV and VV had a strong positive 
correlation with each other (rs =  0.678, P = 0.001). Both VIV and VV showed no 
significant correlation with the inorganic arsenic species (arsenite - iAsIII and 
arsenate - iAsV) although a significant correlation was found with the organic 
species (monomethylarsonic acid - MAV and dimethylarsinic acid - DMAV); (Table 
4.24). VIV was found to have a strong negative correlations with iAsIII and DMAV (rs 
= - 0.818, - 0.704; repectively) but not with iAsV and MAV. Finally, VV has only a 
significant correlation with the organic species. 
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7.1.2 South east La Pampa (General San Martin) 
This region of La Pampa province has only recently had surface water piped 
from the rio Colorado to the residential communities, especially General San 
Martin. However, no sources of treated water are distributed to the local farms as 
they are far from the main distribution source and it is expensive to extend the 
pipes to these farms. Farmers use groundwater for drinking and cooking food. Prior 
to the start of this study, private communications were supplied to the University 
of Surrey by local dentists and medical staff that both urban (senior residents with 
a long term exposure to the chemical of the untreated water supply) and rural 
farming families, had numerous health problems. These included cancers, 
stressed-related disorders, teeth and bone problems and anti-social behaviour 
issues, especially in youger children. Local dentists reported ‘black’ teeth and in 
elderly residents, no teeth at all. Significant levels of vanadium and arsenic were 
found in the groundwater samples of this region (6.12 - 1380.60 g/l V and: 22.98 
- 289.02 g/l As, n = 20) compared to the Río Negro levels. With the exception of 
one location (V = 6.12 g/l), vanadium levels (155.18 - 1380.60 g/l) in all analysed 
samples exceeded the notified levels of vanadium (CA-NL) in drinking water (50 
g/l) proposed by California’s Department of Public Health (Wright et al., 2014; 
CDPH, 2010) and both the limit for irrigation waters (100 g/l V) and for watering 
livestock in Argentina (Galindo et al., 2007). This later finding is important in terms 
of possible health-related implications to local livestock (cattle and horses). The 
levels of total arsenic (22.98 - 289.02 g/l) and fluoride (1.78 – 10.62 mg/l) in all 
the samples along ruta 154 and 35 (the two main transport roiutes through this part 
of La Pampa province) were found to be higher than the WHO guideline limits for 
arsenic and fluoride (10 g/l As, 1.5 mg/l F-) in drinking water. One well (LP2-SE-
GW-02) along ruta 154 had a low arsenic level (1.4 g/l As). Fluoride levels in two 
samples were lower than the WHO limits for fluoride in drinking water, namely LP2-
SE-GW-02 and 04, along ruta 154 (1.11 and 1.22 mg/l). The lowest levels of 
vanadium, arsenic and fluoride can be explained by the elevated levels of iron 
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(2359.1 g/l) and manganese (87.5 g/l) providing an oxidising environment that 
can control the adsorption/desorption mechanism of these chemicals (Ying et al., 
2012; Zhang et al., 2007). 
Vanadium speciation analysis was applied to 11 groundwater samples of 
this area. The results confirmed that these water samples were largely composed 
of vanadate, VV. The levels of VV were found to be over the range of 158.18 – 
1127.9 g/l, contributing 69 – 100% of the total vanadium content of the water. 
Vanadyl, VIV was found to be at a lower range (4.4 – 160.5 g/l), equating to 0 – 
31 % of the total vanadium. VIV was found in these water samples due to the less 
oxdising conditions in some groundwater samples, whilst VV was stabilised by the 
presence of the organic matter in the alkaline (pH = 7.0 – 8.2) oxidising 
environment (Aureli et al., 2008; Cornelis et al., 2005; Wehrli and Stumm, 1989). 
Arsenic speciation using SPE revealed that arsenite was the predominant 
species in 65% of the samples (n = 20). Arsenite (iAsIII) comprised < 0.2 % to 91.3 
%, whereas arsenate (iAsV: < 0.02 – 245.23 g/l) comprised between < 0.02 to 95 
%. This could be due to the alkaline (pH: 7.7 – 8.6) and less oxdising conditions 
(Eh: - 62.0 -118.0 mV) of the water samples found in the study area. It has been 
proposed that this may be ideal for enhancing arsenic mobility (Nicolli et al., 2012a; 
Nicolli et al., 2012b; Smedley et al., 2005; Smedley and Kinniburgh, 2002; Smedley 
et al., 2002). Higher levels of organosenical species were found in the water 
samples from this region (0.02 to 26.40 g/l and 0.03 to 1.8 g/l for MAV and DMAV, 
respectively.) compared to previous studies which may be due to microbial activity, 
such as algae growth. This has been reported to enhance the methylation of 
inorganic species (Smedley and Kinniburgh, 2002). 
The possible relationship between vanadium (total and species), arsenic 
(total and species), fluoride and other trace elements was investigated using a 
Spearman rank correlation coefficient. Vanadate, VV was found to have a strong 
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correlation with total arsenic, vanadium and fluoride; whilst vanadyl, VIV has a 
significant correlation with only fluoride in the groundwaters (Table 4.23). A 
negative correlation was between VIV and VV. A very strong Spearman correlation 
(rs = 0.963, P < 0.05) was found to exist between total vanadium and total arsenic, 
molybdenum, selenium and uranium in all samples. In addition, the General San 
Martin samples have a strong Spearman correlation of vanadium with As, Mo, and 
F- (Table 4.22). The vanadyl (VIV) levels had no significant correlation with total 
arsenic and (P > 0.05) whilst a negative correlation was found with fluoride (rs = - 
0.644, P = 0.04). However, vanadate (VV) had a positive and significant correlation 
with total arsenic, vanadium and fluoride (rs = 0.836, 0.973, and 0.667;repectively). 
VIV and VV had no correlation with each other. VIV showed no significant correlation 
with iAsIII and MAV, but had a significant negative correlation with iAsV and DMAV 
(rs = - 0.818, and - 704; repectively). 
7.1.3 Central La Pampa (Eduardo Castex)  
The central north of La Pampa province (LP-MN) has been studied 
extensively for the levels of arsenic (total and species), fluoride and other trace 
element (Nicolli et al., 2012a; Smedley et al., 2008; Smedley et al., 2005; Smedley 
et al., 2002). This study was conducted in this region to investigate the vanadium 
species using the developed SPE method in conjunction with arsenic speciation, 
total trace element and fluoride in local groundwaters. Samples were collected 
from Eduardo Castex (GW = 92, TW = 10), General Pico (GW = 8) and Ingeniero 
Luiggi (GW = 26, TW = 2). These towns are major farming communities and are 
more prosperous than the coummunities in the south of the province. All also have 
local water treatment works that provide ‘cash-buy’ treated water for local 
residents. However, many of the local farms find it is not possible to commute to 
these treatment facilities and also the cost is beyond their income levels. 
Therefore, they rely on farm-based wells to provide their drinking and 
irrigation/livestock watering supplies. Vanadium and arsenic speciation and 
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physiochemical parameters were undertaken for 19 groundwater samples in 
Eduardo Castex (Figure 4.5). Very high levels of vanadium levels (41 – 5243 g/l 
V) were found in all groundwater samples from this area. With the exception of two 
samples from General Pico, all the Eduardo Castex and Inginerio Luiggi were 
significantly higher than the notified levels of vanadium (CA-NL) in drinking water 
(50 g/l) proposed by California’s Department of Public Health (Wright et al., 2014; 
CDPH, 2010). Moreover, all analysed groundwater samples collected from this 
province exceed the WHO guidelines for arsenic (10 g/l) in drinking water (13 – 
2610 g/l As). Fluoride levels (0.49 – 29.00 mg/l F-) also exceed the WHO 
guidelines for fluoride (1.5 mg/l) in drinking water for all samples; with the exception 
of two samples from General Pico. It should be stated that these samples were 
provided by a resident veterinary scientist in Eduardo Castex and no details are 
available of the sampling site. High levels of molybdenum (0.2 – 1251. g/l), 
selenium (0.11 – 34.00 g/l) and uranium (0.09 – 250.00 g/l) were also observed 
in some of these samples.  
Based on the physicochemical data, an oxidising water system exists (Eh 
range 3 - 41 mV) under alkaline pH conditions (7.5 – 9.4) suggesting that there is 
the possible oxidation of VIV to VV. For this reason, higher levels of vanadate, VV in 
this part of the La Pampa province were found compared to the levels of the other 
study areas. The range of vanadyl, VIV levels was 12.8 – 580.6 g/l while VV ranged 
over 224.9 to 4747.5 g/l (Table 3.19). Vanadium had strong positive correlations 
(Spearman) with arsenic, molybdenum, uranium and fluoride (rs = 0.965, 0.951, 
0.478 and 0.741; repectively). VV had significant correlations with total arsenic, 
vanadium and fluoride, whilst VIV showed a strong correlation with fluoride (Table 
4.23). VV also had stronger correlations with all arsenic species compared to VIV 
(Table 4.24). 
Total arsenic showed significant correlations with selenium and fluoride (rs 
= 0.926, and 0.877; repectively) but not with molybdenum and uranium. The 
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predominant arsenic species of the collected water samples was arsenite, iAsIII 
(2.3 – 1051 g/l) in 84 % of the analysed samples (n = 19). The arsenate, iAsV 
levels ranged over 2.93 – 207.26 g/l. The organoarsenical species MAV (1.5 – 46 
g/l, percentage: 2.4 - 46.2%) was found to be at higher levels when compared to 
the levels of DMAV (0.67 – 9.00 g/l, percentage: 0.5 – 4.8 %). This is in agreement 
with a previous study at the University of Surrey (O’Reilly et al., 2010). 
7.1.4 South west Buenos Aires (San German) 
The south west region of Buenos Aires province is located at the end of the 
Chaco-Pampean plain (Nicolli et al., 2012a). One local community, San German, 
has been reported by local medical staff to have many of the health problems 
reported in General San Martin (La Pampa), which is some 40km west along ruta 
35. This region has never been investigated in terms of regional water quality and 
San German was found to have significant levels of vanadium (102.37 – 587.60 
g/l) in local groundwaters. In general, vanadium levels (n = 28) exceeded the 
notified levels of vanadium (CA-NL) in drinking water (50 g/l) proposed by CDPH 
and both the limit for irrigation waters (100 g/l V) and for watering livestock in 
Argentina (Wright et al., 2014; CDPH, 2010; Galindo et al., 2007). The range of 
arsenic levels (40.85 – 173.10 g/l) in all analysed water samples was also high 
and exceeded the WHO levels in all groundwater samples. These levels are much 
higher in the rural wells compared with the values determined in urban locations 
(San German township). In addition, fluoride levels (3.55 – 6.69 mg/l) were higher 
than the maximum levels of the WHO guidelines for fluoride (1.5 mg/l) in drinking 
water. This is in agreement with the published data for southwestern Buenos Aires 
(Bahia Blanca and Coronel Rosales, groundwater) for arsenic (16 – 267 g/l) and 
fluoride (0.1 – 11.45 mg) reported by Campaña et al. (2014). Other trace elements 
measured in these samples were within the WHO guidelines, with the exception of 
uranium levels for some samples (< 0.03 – 29.13 g/l). 
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Vanadium speciation using the SPE method was applied to groundwaters 
collected from 27 sampling locations. The results showed that vanadate, VV was 
the predominant species (88.5 - 504.4 g/l), contributing 33 - 89 %. Moreover, 
vanadyl, VIV was at higher levels (range 29.0 - 300.8 g/l) when compared with the 
data for General San Martin (La Pampa) groundwater. This can be explained by 
the higher levels of TDS (553 – 1365 mg/l), higher Eh range (62 – 146 mV) and 
higher conductivity (1072 -2706 S) of the water of this area when compared with 
the values for southeast La Pampa Eh (40 – 118 mV) and TDS (284 – 388 mg/l). 
This environment has been proposed to enhance the stabilisation of VIV (Wang 
and Sañudo Wilhelmy, 2009). The results of the SPE analysis of arsenic species 
for all collected groundwaters (n = 28) revealed that arsenite, iAsIII was the 
predominant species in the rural groundwater (iAsIII: 0.8 - 88.8 g/l, arsenate, iAsV: 
0.90 -78.60 g/l) accounting for 75% of the total rural samples. However, iAsV was 
the predominant species in 80% of the urban groundwater (iAsIII: 0.2 - 2.8 g/l, 
iAsV: 22.90 -67.90 g/l), accounting for a range of 77.6 to 42.9% of the sum of the 
arsenic species. This variation in the predominance of the inorganic species 
between the rural and urban was because of the decrease of both the electrical 
conductivity and total dissolved solids, as well as an increase in the redox potential 
content of the water samples (Table 4.14). A strong Spearman correlation was 
found to exist between vanadium and arsenic (rs = 0.502, P < 0.0001), as well as 
vanadium and fluoride (SW) (rs = 0.962, P = 0.008) in south west Buenos Aires. In 
addition, the Spearman correlation between vanadium and molybdenum was 
significant (rs = 0.661, P < 0.0001). A very good correation was noted between 
vanadium and selenium (rs = 0.644, P < 0.0001). Conversely, no correlation was 
shown between vanadium and uranium (rs = -0.383, P = 0.049). Total arsenic also 
had a significant Spearman correlation with molybdnum, selenium, uranium and 
fluoride (Table 4.26). There was no significant correlation of either vanadium 
species VIV and VV with each other or with any of arsenic species. Only VV showed 
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a strong corelation with total arsenic, total vanadium and fluoride (refer to Table 
4.23). 
7.1.5 Buenos Aires Capital Federal (Moron) 
This study was part of a large project of a school–based intervention that 
was carried out in eight Moron schools of Buenos Aires Capital Federal (Kovalskys 
et al., 2015). The study aimed to improve the healthy eating habits of the students 
(age 9 – 11 years old) in these schools (grade four and five) and to increase the 
physical activities of the students. Water samples were only collected from different 
sources of 4 schools (Figure 4.8) and from 48 participants in the third evaluation 
stage. The results of the analysed water samples showed that 21 % of the samples 
exceeded the proposed notification levels by the California Office of Environmental 
Health Hazard Assessment for vanadium levels (50 g/l) in drinking water (Gerke 
et al., 2010; USEPA, 2009). Arsenic was also found to exceed the WHO guidelines 
in 39 % of the analysed samples. Both the students and teachers at both schools 
were using the tap water for drinking and tea preparation. Surprisingly, tap water 
samples and the main source from different locations of two schools (N7 and No 
17, Figure 4.8) had arsenic levels (16.5 – 23.35 g/l) that exceed the WHO 
guideline limits of arsenic in drinking water. Measured fluoride levels were within 
the WHO guideline limit for fluoride in drinking water. Arsenic speciation was done 
for thirteen samples collected from the four schools. Arsenate (iAsV) was found to 
be the dominant species in 76 % of the collected samples. Arsenite (iAsIII) levels 
were lower than arsenate (iAsV) in most of the samples (Table 4.19). The oxidising 
conditions (Eh: 476 – 652 mV) may be responsible for enhancing the oxidation of 
arsenite to arsenate. Low monomethylarsonic acid (MAV) and dimethylarsinic acid 
(DMAV) levels were found in these water samples (Table 4.19). 
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7.2 Human Exposure Analysis in Hair and Nails 
Vanadium and arsenic levels in the analysed water samples of this study 
(refer to Chapter 4) were found to be in the following order: (highest to lowest) La 
Pampa > Buenos Aires > Río Negro. Human samples (scalp hair and nails) were 
used to evaluate vanadium, arsenic and other trace element (copper, iron, 
manganese, molybdenum, selenium and zinc) levels of the participants resident in 
Río Negro (General Roca), La Pampa (General San Martin and Eduardo Castex) 
and Buenos Aires capital federal (Moron). Participants from Río Negro and Moron 
were using tap water for drinking water whilst La Pampa volunteers were mostly 
consuming groundwater. Evaluation of the impact of exposure on human health 
was discussed in Chapter 4. The relationship between the levels in the different 
human samples was also outlined in Chapter 4. All collected human samples were 
washed, digested, diluted and then analysed by ICP-MS according to the standard 
operating procedure presented in Figure 2.3. 
7.2.1 General Roca, Río Negro 
Vanadium (0.02 - 1.48 mg/kg), arsenic (0.01 – 1.77 mg/kg) and other trace 
elements were analysed in hair samples from Río Negro participants (n = 106). 
Overall, 76 % of the samples exceeded the normal reference level of vanadium (> 
0.16 mg/kg) while no samples exceeded 1.5 mg/kg V (Pozebon et al., 1999). 
Arsenic levels in 55% of the hair samples were higher than the normal level of 
arsenic in hair and only 4.5% of the samples exceeded 1 mg/kg As (0.08 - 0.25 
mg/kg) (Das et al., 1995). This is in agreement with the previous data for arsenic 
in hair samples from Río Negro: 0.01 – 1.77 mg/kg (O’Reilly, 2010). Moreover, the 
range of vanadium levels were in agreement with the control samples reported for 
Bangladesh (Rahman et al., 2015). Fingernails from Río Negro participants (n = 
92) were analysed for vanadium (0.02 to 1.48 mg/kg) and arsenic (0.03 and 1.29 
mg/kg) levels. Vanadium levels in the samples were found to be higher than the 
proposed reference level for vanadium (0.027 – 0.114 mg/kg V, n = 130) in 
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fingernails (0.027 – 0.114 mg/kg V, n = 130, (Goullé et al., 2009). However, this 
study is in agreement with the control levels of a previous research study in 
Argentina (Farnfield, 2012). Almost all fingernail samples of healthy participants 
(98.5 %) were within the normal levels of arsenic in nails (0.43 – 1.08 mg/kg As) 
as reported by Das et al. (1995). Other trace elements in Río Negro fingernail 
samples had wider ranges and a higher median for copper, iron, manganese, 
molybdenum and zinc when compared with reference levels (refer to section 
5.3.1). On the other hand, the levels of all elements studied had lower medians 
when compared with previous data with the exceptions for copper and iron (Lord, 
2014). Vanadium levels in toenails ranged between 0.02 and 1.56 mg/kg. Overall, 
96% of the samples exceeded the normal vanadium reference level for human 
nails (0.007– 0.070 mg/kg, (Goullé et al., 2009)). However, only 5 % of arsenic 
levels were found to exceed the normal reference levels of arsenic in human nails 
0.43 - 1.08 mg/kg, (Das et al., 1995). In addition, a similar range (0.72 – 1.45 
mg/kg) was found for arsenic in this study when compared with a previous study 
in Río Negro for human nails (Bibi et al., 2015). 
7.2.2 General San Martin and Eduardo Castex, La Pampa 
The range of the overall analysed hair samples (n = 51) had a vanadium 
range between 0.02 – 14.52 mg/kg (median = 0.78 mg/kg) and an arsenic range 
between 0.04 – 25.87 mg/kg (median = 0.52 mg/kg). These ranges were wider 
than that found for the control samples from Río Negro. Moreover, 85 % of 
vanadium and 63% of the arsenic levels were higher than reported reference levels 
for vanadium (> 0.16 mg/kg V) and arsenic (> 0.25 mg/kg As) in hair samples 
(Fernandes et al., 2007; Pozebon et al., 1999; Das et al., 1995). Wider ranges for 
Cu, Fe, Mo and Se were calculated when compared to the elemental levels in hair 
samples from Río Negro (see Section 5.2.2). Only manganese and zinc showed 
narrower ranges and lower medians when compared to the levels of Río Negro 
hair samples. 
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Vanadium levels for the La Pampa fingernail samples (n = 31) were over a 
wider range (0.02 – 50.89 mg/kg V; median = 1.3 mg/kg V) than the control 
samples and previous reported levels (0.04 – 3.14 mg/kg V, median 0.29 mg/kg) 
in San Cristóbal (Lord, 2014). This is related to the very high exposure to vanadium 
in groundwater (189.03 - 1068.28 g/l) samples compared to San Cristóbal (Santa 
Fe province) samples (200.01 – 306.18 g/l V). Arsenic levels for 42 % (n = 13) of 
the samples were above the normal range whilst 6% (n = 2) were below the 
minimum value of the reference range. The range of all other elements were wider 
than that found for Río Negro with the exception of data for copper, iron and zinc. 
Toenail samples were collected from all La Pampa participants (n = 51). 
Vanadium levels covered a range between 0.02 to 40.55 mg/kg (median = 3.83). 
Arsenic levels ranged from 0.07 to 29.03 mg/kg (median = 3.99 mg/kg). Eighty 
percent of vanadium levels were above the normal reference range (0.007 – 0.071 
mg/kg, median = 0.029 mg/kg V) proposed by Goullé et al. (2009). Furthermore, 
65% of the toenail samples exceeded the reference range of arsenic (0.033 – 
0.413 mg/kg, median = 0.086 mg/kg As) in toenails (Goullé et al., 2009). These 
levels were higher than the previously published arsenic levels (0.09 and 13.8 
mg/kg As, median = 0.98 mg/kg) in La Pampa toenail samples (Farnfield, 2012). 
Similarly, a recent study showed higher levels for vanadium and arsenic in nail 
samples when compared with residents from San Cristóbal (0.03 – 0.92 mg/kg V, 
median = 0.16 mg/kg V and 0.10 and 21.11 mg/kg As, median = 1.06 mg/kg As) 
(Lord, 2014). The toenail results of residents from La Pampa showed that copper, 
molybdenum, selenium and uranium exceeded the proposed reference levels for 
toenails. Iron, manganese and zinc however, were lower than the normal reference 
levels (refer to section 5.4.2). The La Pampa population had wider ranges for 
selenium and uranium levels when compared with data for Río Negro. All human 
samples (hair, fingernails and toenails) showed strong Spearman correlations for 
vanadium and arsenic levels. The highest correlation was for vanadium levels 
between fingernails and toenails.  
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7.2.3 Moron, Buenos Aires Capital Federal 
Hair, fingernails and toenails were collected from four school students (n = 
113) located in Moron (Buenos Aires Capital Federal). The participants were in the 
age range of 10 – 12 years old. Elemental ranges of 0.05 to 7.13 mg/kg V and 0.03 
to 2.56 mg/kg As were found for vanadium and arsenic in hair samples. In 
comparison with previously reported vanadium and arsenic levels for school 
students in the Río Negro (control site), the Moron samples were found to have 
much higher levels in vanadium and arsenic. Moron students had lower median 
levels for copper, iron, manganese, molybdenum and selenium whilst a wider zinc 
distribution range and median were found for Moron samples when compared with 
levels for hair samples from Río Negro participants (< 20 years).  
Fingernails had an overall vanadium range (0.02 – 1.48 mg/kg V) which was 
found to be wider than that for Río Negro levels in terms of the < 20 years old 
group. Vanadium levels exceeded the normal levels for 63 % of the study 
population. There were no fingernail samples exceeding the normal reference level 
of arsenic in human nails. The range of arsenic levels for Moron samples showed 
a slightly less variation in distribution than for the Río Negro samples. All the other 
trace element medians were lower and with narrower ranges when compared with 
the data for Río Negro fingernails (see section 5.3.3). Copper and iron values 
covered narrower ranges and had lower medians than reported data for normal 
reference levels (Goullé et al., 2009; Rodushkin and Axelsson, 2000). In contrast, 
manganese, selenium and zinc had wider distributions. 
Toenails (n = 99) collected from Moron school students showed vanadium 
levels to be within a range of 0.01 to 0.68 mg/kg and arsenic levels over the range 
of 0.04 – 8.37 mg/kg As. Both elements were higher than the Río Negro (< 20 
years group) toenail levels in this study. Moreover, 85% of toenail samples 
exceeded the reference level of vanadium in nails. Moron toenail samples had 
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larger median levels of iron, manganese, selenium and zinc whilst copper, 
molybdenum and uranium were smaller when compared to Río Negro toenails. 
7.2.4 Influence of co-factors 
The influence of participant age and gender was evaluated for the elemental 
data of the collected human samples. A Mann-Whitney U-test was applied to the 
levels of vanadium and arsenic in washed hair and nail samples (section 5.9). 
Although higher medians for vanadium and arsenic levels were found in the adult 
group when compared with children in the La Pampa human samples, no 
significant difference was found in any of the biological tissues between adults and 
children of this area (P < 0.05). This can be because the low number of participants 
of the children group (n = 10). On the other hand, in the low elemental exposure 
region (Río Negro), there were significant differences in the levels of vanadium and 
arsenic between the adult and children groups. Children showed higher median 
levels of vanadium and arsenic in fingernails and toenails whilst adults showed 
larger median levels for arsenic in hair (Table 5.7). The gender evaluation results 
revealed that in the high elemental exposure area (La Pampa), no significant 
difference for both vanadium and arsenic levels was found between males and 
females (see Table 5.18). The lower vanadium and arsenic exposure population 
showed significant differences for vanadium levels in hair (BA and RN) and 
fingernails (RN) between females and males. However, no significant difference 
was observed for arsenic levels in any of the biological tissues (hair and nails) 
between females and males. 
7.3 Electrocoagulation for Elemental Removal of Water 
Rural farms in La Pampa have no access to treated water. High levels of 
vanadium, arsenic and fluoride were found in groundwater of La Pampa (Chapter 
4). Collected human sample results also revealed high levels of vanadium and 
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arsenic in hair and nails (Chapter 6). A simple and cheap method of removal was 
required to provide safe drinking water for the farmers consuming groundwater in 
these farms. An electrocoagulation device using iron and aluminium electrodes 
(12.5 x 3.5 cm, section 6.0) was studied to evaluate the possible removal of 
vanadium, arsenic and fluoride from water. The potential removal mechanism is 
based on the formation of iron/aluminium hydroxide coagulates (section 6.1). This 
method was previously investigated for arsenic removal and applied in the field at 
different locations in Argentina (Farnfield, 2012). However, no detailed evaluation 
for vanadium and fluoride removal was done. In the laboratory based experiments 
both aluminium and iron electrodes showed a 100 % removal for individual 
standards of vanadium, arsenic or fluoride. However, when all elements were 
added to the same standards, the iron electrode showed only a 34 % removal of 
fluoride after a 120 minute contact time whilst a 100 % removal of vanadium and 
arsenic was possible with a 30 minute contact time. An aluminium electrode was 
able to remove both elements in 120 minutes. Similar results were observed in the 
field-based experiments in Argentina with the requirement of a longer contact time 
for fluoride removal of the water (refer to Figure 6.15, section 6.2).   
The effect of other factors, such as pH and the presence of other anions 
(sulphate and phosphate), in relation to the removal efficiency of vanadium species 
(VIV and VV) using both electrodes was discussed in this study (sections 6.3 – 6.4). 
Both electrodes showed a high removal efficiency for both vanadium species at 
pH 4 to 8. On the other hand, the efficiency of the iron electrode started to decrease 
with increasing pH to 9, and this decrease was not observed with the application 
of the aluminium electrode. Increasing the concentration of phosphate in the water 
up to 2.5 mg/l PO43- had no effect on the removal of vanadium (at pH 7.00) using 
the aluminium electrode, whilst the removal was slightly slower when the iron 
electrode was used; but 100% removal was still achieved in 30 minutes. Increasing 
the levels of sulphate up to 100 mg/l SO42- at pH 7 showed no effect on the removal 
efficiency of vanadium using both aluminium and iron electrodes. 
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7.4 Future Work 
This study highlighted the separation of the inorganic vanadium species in 
water samples using a developed solid phase extraction method. The method was 
applied only in three provinces in Argentina. Further work would be required to 
apply this method in other provinces in Argentina and the World in conjunction with 
arsenic speciation analysis of different water types. In addition, speciation of 
vanadium in human samples (urine, saliva) may enable a better understanding of 
the metabolism, essentiality and toxicity of this element in human bodies. 
The use of human biomarkers (washed hair and nails) has highlighted the 
effect of exposure to high levels of vanadium, arsenic and other trace elements in 
drinking water. High levels of fluoride in water samples and the associated health 
problems of the participants in this research needs further investigation. Fluoride 
levels in human samples were not evaluated in this study. Further work is required 
to analyse fluoride in human samples. This will give a clear understanding of the 
effect of exposure to high levels of vanadium, arsenic and fluoride in water and the 
impact on human health. Moreover, an investigation into the levels of these three 
chemicals in food (washed and cooked) using water collected from these rural 
frams needs to be undertaken. It is postulated that the main source of arsenic, 
vanadium, fluoride and other elements comes from drinking the water. However, 
further dietary exposure may be associated with food preparation and consumption 
and especially in Argentina, through the consumption of yerba mate (Donnelly, 
2016). 
The removal method using electrocoagulation with iron/aluminium 
electrodes developed and applied in this study has shown encouraging results for 
the potential removal of high elemental levels in water samples. The electrodes 
were applied individually. However, the application of using both electrodes in 
series in a water samples was not applied. This may enable a faster and more 
efficient removal of vanadium, fluoride and arsenic at the same time. Further 
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experiments are required to apply four sheets of aluminium and iron oxides in the 
same electrode with larger sizes and increasing distance between the electrodes 
to provide faster elemental removal efficiencies for different water types. Moreover, 
the impact of this technique on farm water used for the watering of livestock needs 
to be undertaken since large water volumes need to be treated and stored in tanks 
or drinking facilities.
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A.1 Information Sheets: 
Adult information sheet for the collection of hair and nail samples 
 
 
 
EC/2012/80/FHMS: 
Trace Element Analysis of Water & Human Biological Samples 
Prof. N. I. Ward 
Guildford, Surrey, GU2 7XH, UK 
Page 1 
Information Sheet for Participants (Adults  >18 yrs) 
 
The following information sheet is intended to be read by you, a participant, of this research 
project. 
• This research project aims to look into the effects of environmental arsenic and other trace 
elements in local water supplies in terms of your health and others in your community (via 
scalp hair and nail analysis). 
• Arsenic is a chemical which is present in the natural environment. Naturally high levels may 
have a negative effect on the growth of plants and the health of animals and humans.  
• Reasons for undertaking this research include:  
• What are the levels of arsenic in the local water?;  
• What are the levels of arsenic in your hair and nails?; and, 
• Do these levels relate to health? Based on your answers in the questionnaire. 
• Participants for this study will be approached (based on their suitability) by the local research 
project coordinator involved in this research.   
• Sample consent forms will be issued to you, the participant. If consent is given, a hair and 
nail sample will be collected by the local research coordinator. 
• In undertaking this study, you must co-operate fully with the investigators. A questionnaire 
will be provided that you must fill in as much as possible, which relates to your general health 
and diet at the time the sample(s) is collected. 
• You are free to withdraw from the study at any time without needing to justify your decision 
and without prejudice.   
• All personal information held regarding your health will remain in the strictest confidence, 
unless written permission has been granted to divulge certain information to a third party. 
The scientific data collected may be used in research publications without any reference to 
an individual or their personal information. 
• You, as a participant of the study, will receive a report of the trace element results obtained 
for each sample provided by the local research collaborators. Local medical practitioners can 
advise participants of their general health/element status relating to the analysis of the 
elemental content of their biological samples. No financial compensation will be received. 
• This study has been reviewed and has received a favourable ethical opinion from the 
University of Surrey Ethics Committee. 
• Any complaints or concerns about any aspects of the way you have been dealt with during 
the course of the study; please contact Andrea Marcilla on 0298154554171, who will pass 
the complaints and concerns on to Prof. N.I. Ward, Principal Investigator (0044 1483 
689303). 
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Child, aged 15 – 18 yrs, information sheet for the collection of hair and nail samples 
 
 
EC/2012/80/FHMS: 
Trace Element Analysis of Water & Human Biological Samples 
Prof. N. I. Ward 
Guildford, Surrey, GU2 7XH, UK 
Page 1 
Information Sheet for Children (15-18 yrs) 
 
The following information sheet is intended to be read by you, a participant, of this research 
project. 
• This research project aims to look at the trace element chemistry of the local water supply 
and look at how this could affect your health. 
• Some trace elements, such as arsenic, are natural in the environment. High levels may 
affect the growth of plants and the health of animals and humans. 
• Reasons for undertaking this research include:  
• What are the trace element levels in the local water?; 
• What are the trace element levels in your hair and nails?; and, 
• Do these levels affect your health? Based on your questionnaire answers. 
• Participants for this study will be approached by the local research project coordinator.  
• You will be asked to complete an assent form and a consent form will be given to your 
parents/carer. 
• If you agree to take part, you will be asked to provide a small hair and nail sample. These 
will be collected by the local research coordinator. 
• You will be provided with a questionnaire to complete, with the help of parents/carers if 
required. 
• You can choose not to take part in the study at any point. 
• All the information you provide will be kept in confidence and will not be shared with other 
people. 
• All the scientific data we collect may be used to write reports but your personal information 
(e.g. your name) will not be used. 
• This study has been reviewed and has received a favourable ethical opinion from the 
University of Surrey Ethics Committee. 
• If you have any questions or problems you or your parent/carer can contact Andrea Marcilla 
on 0298154554171, who will pass these on to the Principal Investigator, Prof N. I. Ward 
(0044 1483 689303). 
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Child, aged 11 – 14 yrs, information sheet for the collection of hair and nail samples 
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Information Sheet for Children (11-14 yrs) 
 
The following information sheet is intended to be read by you, a participant, of this research 
project. 
• This research project will look at the chemistry of the local water supply and how this could 
affect your health. 
• Reasons for undertaking this research include:  
• What is the chemistry of the local water?; 
• What is the chemistry of your hair and nails?; and, 
• Does this chemistry affect your health? Based on your questionnaire answers. 
• Participants for this study will be approached by the local research project coordinator.  
• You will be asked to complete an assent form and a consent form will be given to your 
parents/carer. 
• If you agree to take part you will be asked to give a small hair and nail sample to the local 
research project coordinator. The project coordinator will collect the sample. 
• You will be provided with a questionnaire to complete, with the help of parents/carers if 
required. 
• You can choose not to take part in the study at any point. 
• All the information you provide will be kept in confidence and will not be shared with other 
people. 
• All the scientific data we collect may be used to write reports but your personal information 
(e.g. your name) will not be used. 
• This study has been reviewed and has received a favourable ethical opinion from the 
University of Surrey Ethics Committee. 
• If you have any questions or problems you or your parent/carer can contact Andrea Marcilla 
on 0298154554171, who will pass these on to the Principal Investigator, Prof N. I. Ward 
(0044 1483 689303). 
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Child, aged 7 – 10 yrs, information sheet for the collection of hair and nail samples 
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Information Sheet for Children (7-10 yrs) 
 
The following information sheet is intended to be read you, a participant, of this research 
project. 
• This research project will test the local water, and your hair and nails, to see if there is 
anything in the water that could affect your health. 
• This research project will look at: 
• What is in the local water?; 
• What is in your hair and nails?; and, 
• How does the water affect your health? 
• You will be asked to take part in this project by the local project coordinator. 
• The project coordinator will give you an assent form to complete, and a consent form will be 
given to your parents/carer. 
• If you want to take part in this project you will be asked to give a small hair and nail sample 
to the project coordinator. The project coordinator will take the sample. 
• You will be given a questionnaire to complete with the help of your parents/carers. 
• You can choose not to take part in the study at any time. 
• All the information you give will not be shared with other people. Results of the tests on your 
samples may be used in reports, but your name and information will not be used. 
• This study has been reviewed and has received a favourable ethical opinion from the 
University of Surrey Ethics Committee. 
• If you have any questions or problems you or your parent/carer can contact Andrea Marcilla 
on 0298154554171, who will pass these on to the Principal Investigator, Prof N. I. Ward 
(0044 1483 689303). 
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A.2 Consent/Assent Forms: 
Adult consent form, for the collection of hair and nail samples 
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Guildford, Surrey, GU2 7XH, UK 
 
Consent Form (Adults) 
 
 
• I the undersigned voluntarily agree to take part in the study on The Determination of Vanadium, 
Arsenic and Other Trace Elements in Biological Samples from the Collection of Human Scalp Hair 
and Human Fingernails/Toenails. 
 
• I have read and understood the Information Sheet provided. I have been given a full explanation by 
the investigators of the nature, purpose, location and likely duration of the study, and of what I will be 
expected to do. I have been assured that there will be no discomfort or possible ill-effects on my 
health and well-being which may result from participating in this study. I have been given the 
opportunity to ask questions on all aspects of the study and have understood the advice and 
information given as a result. 
 
• I agree to comply with any instruction given to me during the study and to co-operate fully with the 
investigators.    
 
• I agree to the investigators contacting the local medical practitioner involved in this research at the 
local hospital/clinic, about my participation in the study, and I authorise this local medical practitioner 
to disclose details of my relevant medical or drug history, in confidence. 
 
• I consent to my personal data, as outlined in the accompanying information sheet, being used for the 
research project detailed in the information sheet, and agree that the scientific data collected may be 
shared with other researchers or used in research publications without any reference to me.  I 
understand that all personal data relating to volunteers is held and processed in the strictest 
confidence, and in accordance with the UK Data Protection Act (1998). 
 
• I understand that I am free to withdraw from the study at any time without needing to justify my 
decision and without prejudice. 
 
• I confirm that I have read and understood the above and freely consent to participating in this study.  
I have been given adequate time to consider my participation and agree to comply with the 
instructions and restrictions of the study. 
 
Name of participant (BLOCK CAPITALS)       ........................................................   
 
Signed                   ........................................................   
 
Date                                     .....................................   
 
 
 
 
Name of researcher/person taking consent (BLOCK CAPITALS     ........................................................
  
 
Signed                                                     ........................ ...............................
  
 
Date                                                        ......................................   
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Parent/carer consent form for the collection of hair and nail samples from a child 
participant. 
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Prof. N. I. Ward 
Guildford, Surrey, GU2 7XH, UK 
Consent Form for Parent/Carer (Children) 
• I/We the undersigned voluntarily agree that my/our child/children (< 18 years old) can take 
part in the study on The Determination of Vanadium, Arsenic and Other Trace Elements in 
Biological Samples from the Collection of Human Scalp Hair and Human 
Fingernails/Toenails. 
• I/We have read and understood the Information Sheet provided. I/We have been given a full 
explanation by the investigators of the nature, purpose, location and likely duration of the 
study, and of what my/our child/children will be expected to do. I/We have been assured that 
there will be no discomfort or possible ill-effects on my/our child’s/children’s health and well-
being which may result from participating in this study. I/We have been given the opportunity 
to ask questions on all aspects of the study that my/our child/children will be undertaking and 
have understood the advice and information given as a result. 
• I/We agree (on behalf of my/our child/children) to comply with any instruction given to us 
during the study and to co-operate fully with the investigators.    
• I/We agree to the investigators contacting the local medical practitioner involved in this 
research at the local hospital/clinic, about my/our child’s/children’s participation in the study, 
and I authorise this local medical practitioner to disclose details of my/our child’s/children’s 
relevant medical or drug history, in confidence. 
• I/We consent to my/our child’s/children’s personal data, as outlined in the accompanying 
information sheet, being used for the research project detailed in the information sheet, and 
agree that the scientific data collected may be shared with other researchers or used in 
research publications without any reference to my/our child/children. I/We understand that all 
personal data relating to volunteers is held and processed in the strictest confidence, and in 
accordance with the UK Data Protection Act (1998). 
• I/We understand that my/our child/children is/are free to withdraw from the study at any time 
without needing to justify any decision and without prejudice. 
• I/We confirm that I/We have read and understood the above and freely consent to my/our 
child/children participating in this study. I/We have been given adequate time to consider 
my/our child’s/children’s participation and agree to comply with the instructions and 
restrictions of the study. 
Name of participant (BLOCK CAPITALS)                                       
……...........................................................   
Age of participant (years)                                      
……...........................................................   
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Child, aged 11 – 18 yrs, assent form for the collection of hair and nail samples 
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Guildford, Surrey, GU2 7XH, UK 
 
Assent Form for Children (11 – 18 yrs) 
 
STUDY: The Determination of Vanadium, Arsenic and Other Trace Elements in Biological 
Samples from the Collection of Human Scalp Hair and Human Fingernails/Toenails. 
 
• I voluntarily agree to take part in the study. 
 
• I have read (or had explained to me by the project coordinator) and understood the 
Information Sheet provided.  
 
• I understand that I will be asked to provide a hair and nail sample to the project coordinator, 
and that I will need to complete a questionnaire. 
 
• I have been given the chance to ask questions and have understood the advice and 
information given. 
 
• I understand that I can choose not to take part in the study at any point. 
 
• I confirm that I have read and understood the above and freely consent to participate in this 
study. I have been given adequate time to consider my participation and agree to comply 
with the instructions and restrictions of the study. 
 
 
Name of participant (BLOCK CAPITALS)     
........................................................   
 
Signed                                  
........................................................  
 
Age of participant (years)                                  
........................................................   
 
 
Name of researcher/person taking assent (BLOCK CAPITALS)     
........................................................   
 
Signed                                         ........................................................   
 
Date                                        ……………......................................  
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Child, aged 7 – 10 yrs, assent form for the collection of hair and nail samples 
EC/2012/80/FHMS: 
Trace Element Analysis of Water & Human Biological Samples 
Prof. N. I. Ward 
Guildford, Surrey, GU2 7XH, UK 
 
Assent Form for Children (7 - 10 yrs) 
 
STUDY: The Determination of Vanadium, Arsenic and Other Trace Elements in Biological 
Samples from the Collection of Human Scalp Hair and Human Fingernails/Toenails. 
 
• I agree to take part in the study. 
 
• The Information Sheet provided has been explained to me by the project coordinator and/or 
my parents/carers.  
 
• I understand the Information Sheet. 
 
• I understand that I will be asked to give a hair and nail sample to the project coordinator. 
 
• I understand I will need to complete a questionnaire with the help of my parents/carers. 
 
• I have been given the chance to ask questions and have understood the answers given. 
 
• I understand that I can choose not to take part in the study at any time. 
 
• I confirm that I have read and understood the above and give my consent to take part in this 
study. I have had enough time to think about taking part and agree to follow the instructions 
and restrictions of the study. 
 
 
Name of participant (BLOCK CAPITALS)     
........................................................   
 
Signed                                  
........................................................  
 
Age of participant (years)                                  
........................................................   
 
 
Name of researcher/person taking assent (BLOCK CAPITALS)     
........................................................   
 
Signed                                         ........................................................   
 
Date                                        ……………......................................   
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A3. Questionnaires 
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A 4. Standard Operating Procedures (SOPs) 
Hair and nails collection SOPs 
 
Wafa Al Rawahi Page | 1 
 
Standard Operating Procedures 
Collection of Human Scalp Hair and Human Nails (Finger and Toenails) 
 
Human Scalp Hair Collection: 
1. Human scalp hair samples will be taken from the nape of the patients/participants 
neck. 
2. A minimum length of approximately 2 – 3 cm will be taken using clean stainless 
steel scissors. 
3. The sample will then be stored in a clean, fully labelled (with patient code 
number), sealable polythene bag. 
4. Along with the scalp hair sample, there will be a corresponding sample 
information sheet (see questionnaire) that accompanies each sample. 
5. Between each collection of human scalp hair samples, the scissors and collection 
area will be thoroughly wiped to avoid cross-contamination. 
6. Once all the samples are collected, they will be collated and stored in a clean, 
small, fully labelled cardboard box, ready for safe transportation to the University 
of Surrey. 
 
Human Nail Collection: 
1. Human finger/toenail samples will be taken from the fingers/toes of the participant 
using clean stainless steel nail scissors. 
2. The sample will then be stored in a clean, fully labelled (with patient code 
number), sealable polythene bag. 
3. Along with the nail samples, there will be a corresponding sample information 
sheet (see questionnaire) that accompanies each sample. 
4. Between each collection of human finger/toenail samples, the scissors and 
collection area will be thoroughly wiped to avoid cross-contamination. 
5. Once all the samples are collected, they will be collated and stored in a clean, 
small, fully labelled cardboard box, ready for safe transportation to the University 
of Surrey. 
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Hair and Nails preparation and digestion SOPs 
    
Wafa Al Rawahi Page | 1 
Standard Operating Procedures 
Preparation of Human Scalp Hair and Human Nails (Fingernails and Toenails) 
 
Human Hair/Nail Preparation: 
Once the samples are received at the University of Surrey, they will be stored in the 
ICP-MS Facility lab (21 AZ 03). 
 
1. Each hair/nail sample is carefully transferred to a clean sheet of white paper and 
cut up with clean stainless steel scissors, until each hair/nail is approximately 0.5 
- 1 cm in length. 
2. The sample is then transferred to a clean, weighed, labelled 15 ml polyethylene 
centrifuge tube. 
3. First enough acetone is added to the tube to immerse the sample, and then the 
tube placed in an ultrasonic bath for 10 minutes. 
4. Carefully decant the acetone into a labelled waste container. 
5. The wash (step 4) is repeated with distilled deionised water (DDW) (three times), 
decanting the DDW after each wash into a labelled waste container. 
6. A final wash is carried out with acetone (step 4 - 5). 
7. After the final washing step, the hair/nail samples are placed in a drying oven at 
~60oC to dry overnight. 
8. The cut, cleaned, washed and dried hair samples are stored in the respective 15 
ml polyethylene centrifuge tubes prior to wet digestion. 
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Appendix B. 
 
Literature Tables
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Table B.1: Worldwide levels of total vanadium, arsenic and fluoride in groundwater, surface water, tap water and costal water.  
Location Water type method Vanadium Arsenic *Fluoride Author 
Argentina , Southern Buenos Aires, groundwater ICP - OES < 0.05 – 740 117 – 10 0.2 – 6.6 (Espósito et al., 2011) 
Argentina, río Agrio surface ICP-MS 
< 0.05 – 
1184 
< 0.2 – 3783 - (Farnfield et al., 2012) 
Argentina, agua Limón and las 
Maquinitas 
geothermal ICP-MS <0.04–2.97 < 0.2–8.0 - (Farnfield et al., 2012) 
Argentina, south-eastern Pampean 
region of 
groundwater ICP-AES May-70 - - 
(Fiorentino et al., 
2007) 
Argentina, South-eastern plain of 
Córdoba Province 
- - 100–316 100–316 0.618–3.160 
(Nicolli et al., 1985, 
1989). 
Argentina, Tucuman Province groundwater - - 12.2 - 1610 0.5-8.740 (Nicolli et al., 2001) 
Argentina, Salí River basin groundwater - - 11.4 - 1660 - (Nicolli et al., 2007) 
Argentina, Santa Fe Province  - < 5 – 590 15 – 780 0.681 – 2.840 (Nicolli et al., 2009) 
Argentina, La Pampa groundwater - - ranges: <10–5300 - (Nicolli et al., 2012) 
Argentina groundwater - - San Juan:31-331, La Pampa:0.3-1326, Río Negro:1.5-5.2 - (O’Reilly et al., 2010) 
Argentina, Chasicó 
Lake 
 ICP-AES 96-366 58 - 413 8.47 – 8.5 
(Puntoriero et al., 
2014) 
Argentina, La Pampa groundwater 
ICP-MS and 
ICP- AES and 
ISE 
20 - 5400 <4–5300 0.03 -29 (Smedley et al., 2002) 
Argentina groundwater ICP-AES 430 – 12000 < 20 – 7490 - (Smedley et al., 2005) 
Arizona, Maricopa County groundwater GFAAS 54 31 - (Naeem et al., 2007) 
California groundwater - < 3  - 150 V - - 
(Wright & Belitz, 
2010) 
China, East Lake, Wuhan lake GF-ICP-MS 28.8 - 53.2 - - (Fan et al., 2005) 
China, the Datong basin groundwater ICP- AES - < 0.1 – 470 < 0.01 – 10.4 (Li et al., 2012) 
China, Yuncheng Basin groundwater ICP-MS - Oct-70 1.5 – 6.6 (Currell et al., 2011) 
ICP-OES= inductively coupled plasma optical emission spectrometry, ICP-MS=inductively coupled plasma mass spectrometry, ICP-AES=inductively coupled plasma atomic emission 
mass spectrometry, ISE=ion selective electrode, GFAAS=graphite furnace atomic absorption spectrometry, IC= ion chromatography 
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Table B.1: Continued. 
Location Water type method Vanadium Arsenic *Fluoride Author 
Ethiopia groundwater ICP-MS, AAS, and IC < LOD – 147 BDL – 61.4 0.7 – 13.6 (Rango et al., 2010) 
France, (Petit Hermitage Creek) in 
western France 
groundwater 
ICP-MS (Agilent 
Technologies 
HP4500) 
0.32 -10.22 - - (Pourret et al., 2012) 
Italy surface GFAAS < LOD – 138 - - (Minelli et al., 2000) 
Italy, Mt. Etna drinking GFAAS 160 – 220 - - (Veschetti et al., 2007) 
Long Island Sound (LIS), costal GFAAS 
summer V IV: 0.11±0.09, 
VV:1.14±0.20, spring V IV: 
0.07±0.07; VV: 0.57±0.13 ) 
- - (Wang & Sañudo Wilhelmy, 2009) 
Louisiana, New Orleans tap and river ICP-MS 
Tap water =1.5, River water= 
1.9 – 3.6 
- - (Bednar, 2009) 
Main Ethiopian Rift aquifers 
groundwater ICP-MS, IC 0.4 and 150 0.60 – 190 1.06 – 61.6 
(Rango et al., 2013) hot springs - 2.09 - 22.62 3.79 - 167 2.02 - 65 
lake - 2.14 - 110 2.39 - 566 1.81 - 316 
Mexico groundwater 
ICP-MS, AAS, and 
IC 
- 
Los Azufres, 
Michoacán:2000 –
32000 , Araró : 1 – 
63000 
Los Azufres, 
Michoacán: 
10000 - 90000, 
Araró :700- 4200 
(Alarcón-Herrera et al., 2012) 
Mississippi River surface GFAAS 0.29 – 3.69 - - (Shiller & Mao, 2000) 
Pakistan groundwater GFAAS - 62 – 1440 0.966 – 60.5 (Brahman et al., 2013) 
Sweden surface ICP-MS and IC 60 – 1760 50 -1289 - (Wällstedt et al., 2010) 
Texas groundwater - 0.3 - 522 1 – 569 - (Glenn & James Lester, 2010) 
Turkey drinking ICP – OES 5.52 – 8.11 - - (Wuilloud et al., 2000) 
US, California groundwater ICP-MS <3  -70 - - (Wright et al., 2014) 
ICP-OES= inductively coupled plasma optical emission spectrometry, ICP-MS=inductively coupled plasma mass spectrometry, ICP-AES=inductively coupled plasma atomic emission 
mass spectrometry, ISE=ions selective electrode, GFAAS=graphite furnace atomic absorption spectrometry, IC= ion chromatography 
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Table B.2: Vanadium (V) and arsenic (As) levels in scalp hair (H, mg/kg), nail (finger nail, FN; toenail, TN, mg/kg) and 
water (g/l) samples from low (L) and high (H) exposure areas worldwide.  
Country Exposure V/ As in hair (mg/kg) V/ As in nail (mg/kg) As/V in water (g/l) Reference 
Argentina water 
H:As: [0.01 – 10.1, 0.53], L: As: 
[0.01 -1.77] 
- H: As: [3 – 1326] (O’Reilly, 2010) 
Argentina water 
H:As [(0.74], V [(0.43)], L: As 
[(0.39)], V [(0.20)] 
- 
H: As [(2.70]), V [(233)], L: As 
[(1.85)], V [(3.61)] 
(Johansson, 2011) 
Argentina water 
H:As [ < 0.05 – 4.24, 0.15], L: As [< 
0.2 – 14.2] 
H(FN): As: [< 0.05 – 2.84, 0.12], L(TN): 
As[< 0.06 – 5.7, 0.19], H (TN): As [0.09 
– 13.8, 0.98] 
H: As [24.9 – 946], L: 2.76 and 
22.61 
(Farnfield, 2012) 
Argentina water H: As [0.03 – 7.85], V [0.12 – 8.94] 
H(FN):As [0.08 - 16.67, 0.15], V: [0.04 – 
3.14, 0.29], H(TN): As: [0.10 – 21.11, 
1.06], V: [0.03 – 0.92, 0.16] 
H: As [11.09 – 60,1.94] , V [0.63 – 
93, 2.32], L: [0.01 – 1.72] 
(Lord, 2014) 
Australia water E:  (35.7) 1.30–18.4, 5.23 As TN: (35.7) 12.6–39.9, 43.8 As 
H: (35.7) 3.5–73.0, 43.8 As, L: < 
(0.6) DL–8.0 As, < DL 
(Hinwood et al., 2003) 
Argentina water   H: As: 200, L: 70 (Hernandez et al., 2008) 
Bangladesh water H: 4.64 As, L: 1.6 As H: 7.08 As, L: 4.8 As 
H:As[ 214 – 546], L: As[ 0.29 – 
57.01] 
(Rahman et al., 2015) 
Bulgaria 
copper 
smelter 
H: 3.18 As, L: 0.07 As H: 6.72 As, L: 0.35 As - (Nilsson et al., 1993) 
Cambodia water 
H:As [(7.37), 0.23 – 56.75, 6.78], L: 
As [(0.17), < 0.03-0.41, 0.16] 
H:As [(4.72), 0.55 – 23.4, 3.40], L: As 
[(0.37), < 0.11-0.88, 0.31] 
H:As [(587), 16.02 – 997, 650], L: 
As [(2.56), < LOQ-8.36, 1.24] 
(Penradee Chanpiwat et 
al., 2015) 
Cambodia water 
H:As [(6.40), 0.27 – 57.21, 4.03], L: 
As [(0.12), < 0.01-1.01, 0.09] 
- 
H:As [(817.52), 237.35 – 1832.25, 
786.75], L: As [(1.18), < 0.10-2.34, 
1.06] 
(Phan et al., 2013) 
DL=detection limit, LOQ=limit of quantification,  
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Table B2: Continued. 
Country Exposure V/ As in hair (mg/kg) V/ As in nail (mg/kg) As/V in water (g/l) Reference 
Canada water - 
Adult: As (0.2), 0.18, Children: As 
(0.97), 0.50 
As (22.77 ) (Gagnon et al., 2016) 
Chile water - H: 10.15 , L: 3.57 H:As up750, L: 2000 (Hernandez et al., 2008) 
China Mining area 
H: F:As[ (0.029), 0.0069–0.24, 0.025]; V 
[(0.16), 0.051–0.41, 0.16], M:As[ (0.12), 0.14–
0.58, 0.15]; V [(0.17), 0.047–0.42, 0.20], L: 
F:As[ (0.066), 0.013–0.43, 0.051]; M:As[ 
(0.045), 0.0.0054–0.24, 0.051]; V [(0.11), 
0.047–0.58, 0.088]V[(0.15), 0.088–0.28, 0.17] 
- - (Pan et al.,  2015) 
India water 
H:As [4.46 (range: 0.70–16.17)], L:As [0.07 
(range: 0.03–0.12)] 
H: As [7.32 (range: 2.14–40.25)], L: 
As[0.19 (range:0.11–0.30)] 
H: (88 As), L: (248 As) (Mandal et al., 2003) 
Italy 
volcanic 
activity 
H: V [(0.48), 0.001 – 3.15, 0.31], As  
 [(0.001) 0.001 – 0.16, 0.03], As [(0.01) 0.0003 
– 0.09, 0.004] 
- - (Varrica et al., 2014) 
Lahore, 
Pakistan 
water H: As [0.61–1.21], L: As [0.86 – 1.98] H: As[1.12–2.05], L: [1.02 – 2.05] H: 2400 As, L: 4 As (Bibi et al., 2015) 
sShanxi, China water H: (4.2) 7.2 (NS) As  (174 As) (Cui et al., 2013) 
UK  As [0.026 –0.359] As[0.054 –2.806] - (Brima et al., 2006) 
West Bengal, 
India 
water H: As [(4.46) 0.70 –16.17], L: [(07) 0.30 –0.12] 
H(FN): As[ (7.32) 2.14 – 40.25], 
L(FN): [(0.19) 0.11 –0.13] 
As (248) (Mandal et al., 2003) 
NS=not specified, (Average), Bold= median 
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Appendix C. 
 
Statistical Analysis Tests  
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The statistical calculations applied throughout this study will be outlined in 
the following sections. The descriptive statistics include the calculations of the 
mean, median, standard deviation and relative standard deviation will be outlined 
in section C.1 Section C.2 will explain the Student’s t-test used to compare the 
average experimental value with a known value. The next section C.3 will discuss 
the comparison of two normally distributed population means using t-tests. The 
non-parametric methods for the comparison of the medians of two or more 
independent populations use the Mann-Whitney U-test (C.5) and the Kruskal-
Wallis test (C.6), respectively. The final sections (C.7 and C.8) will discuss the 
Pearson product moment correlation coefficient and the non-parametric 
Spearman’s rank correlation coefficient, respectively. Most of these statistical tests 
were calculated using statistical software packages IBM® SPSS® Statistics version 
20 and GraphPad Prism 6. The explained statistical tests were used in Chapters 
3, 4, 5 and 6. To use the above software, elemental data below the limit of detection 
were assigned a value of one-half the limit of detection. This method was 
demonstrated by Farnfield (2012) and Hinwood et al. (2003).  
C.1 Sample statistical summary  
(i) Mean  
The arithmetic mean (?̅?) is calculated using the sum of each elemental 
measurement (𝑥𝑖) over the number of measurements in a set (𝑛) using Eq. 8.1 
(Miller and Miller, 2010) 
?̅? =  
∑ 𝑥𝑖
𝑛
 Eq. 8.1 
(ii) Median  
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The median is used for non-parametric tests and with elemental data that 
are below the instrumental limit of detection. It is the mid-value of a set of data 
which can be   calculated as 
1
2
 (𝑛 + 1)𝑡ℎ value if n is odd, or the mean of  
1
2
 𝑛 𝑡ℎ 
and  ( 
1
2
 𝑛 + 1)𝑡ℎ if 𝑛 is even (Miller and Miller, 2010). 
(iii) Standard deviation  
The standard deviation (s or SD) is a measurement of how close the data 
(𝑥𝑖) are clustered about the mean (𝑥𝑖) (Harris, 2010). It can be calculated Eq. 8.2:  
𝑠 =  √
∑(𝑥𝑖 −  ?̅? )2
𝑛 − 1
 
 
Eq. 8.2 
 
The relative standard deviation, also known as the coefficient of variation 
(CV), is the percentage of an error estimate divided by the absolute value of the 
measurements as presented in Eq. 8.3 (Miller and Miller, 2010).  
% RSD =  
s
x̅
 x 100 Eq. 8.3 
The lower the percentage of the relative standard deviation, the higher the 
precision of the measurements. The % RSD was applied in different parts of this 
study (sections 0, 2.6.4, 2.7.4 and in Chapter 3) 
C.2. Student’s t-test 
The Student’s t-test was applied within this study to investigate the 
accuracy, the “closeness of agreement between a test result and the accepted 
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reference value”, (Miller and Miller, 2010) of the instrument used for the elemental 
analysis. This was achieved by running certified reference materials such as NIST 
SRM 1640a and SRM TMDA-54.4 on the ICP-MS (section 2.3.7), and ERM-C016A 
and ICM4-100 with ISE and IC (sections 2.6.4 and 2.7.4), and comparing the 
means of the measured values (?̅?) of the above CRMs with the certified values (𝜇) 
using Eq. 8.4. 
|𝑡| =  
(?̅? −  𝜇 )√𝑛
𝑠
 ,     𝐷𝑜𝐹 = 𝑛 − 1 
Eq. 8.4 
 
In this study, the null hypothesis (Ho) that was selected as the experimental 
mean (?̅?) = certified value (𝜇) with a degree of freedom (𝐷𝑜𝐹) = 𝑛 − 1.  Then the 
calculated t value (tcalc) using Eq. 8.4 was compared to a certain critical value (tcrit) 
at a specified probability level (i.e. P = 0.01). The null hypothesis was accepted if 
the calculated |𝑡|  was less than tcrit. 
C.3 Comparison of the mean value from two populations  
The comparison of the experimental means attained by two different 
instruments (inter-laboratory comparison) was achieved by applying the statistical 
t-test with the null hypothesis (Ho) ?̅?1 =  ?̅?2 (Miller and Miller, 2010). Initially, the F-
test is required to determine if the standard deviations (𝑠𝑑) of both populations are 
the same or different using Eq. 8.5. In this test, the calculate F (𝐹calc) is compared 
with a certain critical value (𝐹crit) with a degree of freedom (𝐷𝑜𝐹) of 𝑛1 − 1 𝑎𝑛𝑑 𝑛2 −
1. The experimental standard deviations are significantly different if 𝐹calc > 𝐹crit. 
|𝐹| =  
𝑠𝑑1
2
𝑠𝑑2
2 ,   
Eq. 8.5 
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  𝑤ℎ𝑒𝑟𝑒 𝑖𝑠 𝐹 ≥ 1 𝑎𝑛𝑑 𝐷𝑜𝐹 = 𝑛1 − 1 𝑎𝑛𝑑 𝑛2 − 1  
If the standard deviations of the two experimental measurements are not 
significantly different, Eq. 8.7 can be used to calculate a pooled estimate (s) of the 
standard deviations. This value can then be used to calculate  |𝑡| using Eq. 8.6. 
|𝑡| =  
(?̅?1 −  ?̅?2)
√(
1
𝑛1
+  
1
𝑛2
)
𝑠
, 𝐷𝑜𝐹 =  𝑛1 +  𝑛2 − 2 
Eq. 8.6 
𝑠2  =  
(𝑛1 −  1)𝑠𝑑1 +  (𝑛2 −  1)𝑠𝑑2 
(𝑛1 + 𝑛2 − 2)
 Eq. 8.7 
 
However, if the standard deviations are different (𝐹calc > 𝐹crit), a pooled 
estimate (s) cannot be determined. Therefore, |𝑡| has to be determined using 
another equation (Eq. 8.8), and the 𝐷𝑜𝐹  calculated using Eq. 8.9. 
|𝑡| =  
(?̅?1 −  ?̅?2)
√(
𝑠𝑑1
2
𝑛1
+  
𝑠𝑑2
2
𝑛2
)
 
Eq. 8.8 
𝐷𝑜𝐹 =  
(
𝑠𝑑1
2
𝑛1
+  
𝑠𝑑2
2
𝑛2
)2 
𝑠𝑑1
4
𝑛1
2(𝑛1 − 1)
+  
𝑠𝑑2
4
𝑛2
2(𝑛2 − 1)
 
Eq. 8.9 
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C.4 D'Agostino and Pearson omnibus normality test 
In this study the D'Agostino and Pearson omnibus test was used to check 
for the normality of the set of data; the quantification of how far a set of 
measurements from the prediction of Gaussian distribution (Motulsky, 2014). This 
test first calculates the Skewness (quantify the symmetry of the data) and Kurtosis 
(quantify how the peak shape of the distribution) to quantify how far are the data 
from Gaussian distribution (Corder and Foreman, 2014). Then the D'Agostino and 
Pearson omnibus normality test combine both values into a single value which 
shows how far is a set of data from being a Gaussian distribution. If the P value 
from the normality test is small (< 0.05) then the null hypothesis will be rejected 
assuming that the data are not normally distributed (Motulsky, 2014). 
C.5 Mann-Whitney U-test 
The Mann-Whitney U-test is a non-parametric statistical test that is applied 
in this study to compare the median of experimental data sets that are not normally 
distributed (Miller and Miller, 2010). The null hypothesis of this test states that the 
median of the two data sets from the same population have the same median. This 
test can be achieved by calculating the number of measurements in one set that 
has a higher value than the measurements in other data set. The high values are 
summed to give the test static (𝑈𝑐𝑎𝑙𝑐). The 𝑈 value is then compared to a certain 
critical value (𝑈𝑐𝑟𝑖𝑡). If 𝑈𝑐𝑎𝑙𝑐 ≤ 𝑈𝑐𝑟𝑖𝑡, the null hypothesis is rejected, which concludes 
that the medians of the two data sets are significantly different. This test can be 
used for populations of less than 20 sample sets (Miller and Miller, 2010). On the 
other hand, if the sample number is more than 20 then the sample is assumed to 
be normally distributed and 𝑈 value has to be converted into a standard value (𝑧) 
using Eq. 8.10. Equations Eq. 8.11 and Eq. 8.12 were used to calculate ?̅?𝑈 and 𝜎𝑈 
(Corder and Foreman, 2014). All Mann-Whitney U-tests were conducted using 
SPSS statistics package (version 21) 
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𝑧 =  
𝑈𝑖 − ?̅?𝑈
𝑠𝑈
 
Eq. 8.10 
?̅?𝑈 =  
𝑛1 𝑛2
2
 Eq. 8.11 
𝑠𝑈 =  √
𝑛1 𝑛2(𝑛1 +  𝑛2 + 1)
12
 
Eq. 8.12 
 
C.6 Kruskal-Wallis test 
The Kruskal-Wallis test is a non-parametric test which is applied to compare 
the median of three or more independent samples (Corder and Foreman, 2014). 
The values from each sample are arranged in ascending order (1, 2,…N; where N 
is the number of samples) without taking into account to which sample they 
originally belonged to. The sum of the ranks (𝑅𝑖) are then used to calculate a 
statistically chi-squared (𝑋2) as can be seen in Eq. 8.13. 
𝜒2 =  
12
𝑁2 + 𝑁
(
𝑅𝑖
2
𝑛𝑖
+ ⋯ +  
𝑅𝑘
2
𝑛𝑘
) −  3(𝑁 − 1) 
Eq. 8.13 
The calculated 𝑋2 is compared to the critical value. The null hypothesis is 
accepted if the calculated 𝑋2 is less than the critical value (Privitera, 2014).  
C.7 Product moment (Pearson) correlation coefficient  
The Pearson product moment correlation coefficient (𝑟𝑝) is utilised to 
evaluate the direction and magnitude of a linear relationship associated with two 
experimental sets of data (𝑥) and (𝑦) (Privitera, 2014). It can be calculated using 
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Eq. 8.14. The 𝑟𝑝 can be within a range from +1 to -1. A positive value indicates 
positive linearity, while a negative value describes a negative correlation. When 
the 𝑟𝑝 value is zero, there is no correlation between the two sets of data. The 
correlation is perfect at an absolute value of 1. If the calculated 𝑟𝑝 is less than 0.8, 
a t-test is required to evaluate the significance of the correlation using Eq. 7.15. 
The null hypothesis (𝐻0) states that there is no correlation between 𝑥 and 𝑦. If the 
calculated t value is higher than the critical t value, the null hypothesis is rejected. 
This concludes that there is a significant correlation between 𝑥 and 𝑦. 
𝑟𝑝 =  
∑ {(𝑥𝑖 − ?̅?)(𝑦𝑖 − ?̅?)}𝑖
{[∑ (𝑥𝑖 − ?̅?)2𝑖 ][∑ (𝑦𝑖 − ?̅?)2𝑖 ]}
1
2
 
Eq. 8.14 
 
|𝑡| =  
|𝑟𝑝|√𝑛 − 2
√1 − 𝑟2
 ,       𝑤ℎ𝑒𝑟𝑒 𝐷𝑜𝐹 = 𝑛 − 2 Eq. 8.15 
 
C.8 Spearman rank correlation coefficient  
The Spearman rank correlation coefficient (𝑟𝑠) is a non-parametric test that 
evaluates the strength of the linear relationship between two sets of data which 
are not normally distributed (Corder and Foreman, 2014; Miller and Miller, 2010). 
The interpretation of  𝑟𝑠 is the same as 𝑟𝑝, in which when perfect correlation is 
present the value is absolute 1, and where there is no correlation if the value is 
zero (Corder and Foreman, 2014). The samples of each group are ranked in 
ascending order. The difference (𝑑) between the ranks is then calculated and used 
to calculate the 𝑟𝑠 using Eq. 8.16. The null hypothesis (𝐻0) states that there is no 
correlation between the two sets of data (Miller and Miller, 2010). If the calculated 
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𝑟𝑠 exceeds the critical value, the null hypothesis is rejected. There is therefore a 
significant correlation. 
𝑟𝑠 =  
6 ∑ 𝑑𝑖
2
𝑖
𝑛(𝑛2 − 1)
 
Eq. 8.16 
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Appendix D. 
 
Water and Human Samples Information  
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D.1. Internal Standard correction 
  
D.1: Total vanadium (La Pampa groundwater) sample counts with CRS and 51V 
[1] and scandium internal standard 45Sc [1] (100 g/l) count with CRS, b. Signal 
drift correction for total vanadium (La Pampa groundwater) sample counts with 
CRS 51V [1] over scandium internal standard 45Sc [1] (100 g/l) counts with 20 
runs and the standard deviation (±SD and ±2 SD). 
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Table D.2: Physicochemical parameters, (where analysed) in each sample collected from La Pampa (LP), Buenos Aires 
BA) Río Negro province (RN). 
Thesis Cods pH EC )μS/cm( T (°C) TDS (mg/l) Eh/SHE  (mV) 
LP2-GW-SE-01 7 2435 24.1 1210 57 
LP2-GW-SE-02 7.11 1417 19.7 733 -62 
LP2-GW-SE-03 7.45 1448 26 725 67 
LP2-GW-SE-04 7 > 3999 23.3 > 1999 118 
LP2-GW-SE-05 7.01 1760 20.4 870 75 
LP2-GW-SE-06 7.74 2012 17.5 1003 69 
LP2-GW-SE-07 8.18 1173 19.4 585 80 
LP2-GW-SE-08 7.62 1112 16.3 556 81 
LP2-GW-SE-09 7.49 1677 12.1 828 92 
LP2-GW-SE-10 7.5 2048 17.5 1079 102 
LP2-GW-SE-11 8.02 1502 18.5 775 62 
LP2-GW-SE-12 7.6 2109 18 1066 112 
LP2-GW-SE-13 8.08 1477 16.3 770 60 
LP2-GW-SE-14 8.56 1960 19 971 76 
LP2-GW-SE-15 8.52 2001 17.2 998 84 
LP2-GW-SE-16 7.86 3720 19 1886 78 
LP2-GW-SE-17 7.67 3820 17.8 1910 87 
LP2-GW-SE-18 7.78 3880 17 1989 55 
LP2-GW-SE-19 7.73 2448 20.2 1235 58 
LP2-GW-SE-20 7.76 3770 17.2 1942 55 
LP2-GW-EC-01 7.57 3148 19.2 1634 3 
LP2-GW-EC-02 7.86 3368 22.1 1684 6 
LP2-GW-EC-03 7.74 3277 21.1 1702 30 
LP2-GW-EC-04 7.86 3166 23 1639 25 
LP2-GW-EC-05 8.89 3594 22.6 1869 3 
LP2-GW-EC-06 8.92 3778 24 1922 11 
LP= La Pampa, GW, groundwater, SE= south eastern, EC= Eduardo Castex, EC= electrical  conductivity, T = temperature, TDS = total dissolved 
solids,  Eh/SHE , redox potential 
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Table D.2: Continued 
Thesis Cods pH EC )μS/cm( T (°C) TDS (mg/l) Eh/SHE (mV) 
LP2-GW-EC-07 8.07 3898 19.3 1993 20 
LP2-GW-EC-08 8.45 3988 23.8 > 1999 16 
LP2-GW-EC-09 8.67 3826 17.3 1997 28 
LP2-GW-EC-10 8.38 > 3999 24 > 1999 41 
LP2-GW-EC-11 8.12 > 3999 22.8 > 1999 23 
LP2-GW-EC-12 8.13 > 3999 23.4 > 1999 18 
LP2-GW-EC-13 9.24 986 21.3 511 21 
LP2-GW-EC-14 9.38 1012 18.2 598 25 
LP2-GW-EC-15 8.35 882 26.1 456 38 
LP2-GW-EC-16 8.45 934 24.3 478 32 
LP2-GW-EC-17 7.92 3430 20.1 1782 39 
LP2-GW-EC-18 8.24 3698 18.2 1856 32 
LP2-GW-EC-19 8.76 3834 20.3 1877 34 
BAP2-GW-01 7.05 1645 19.8 855 68 
BAP2-GW-02 7.18 1666 19.2 862 30 
BAP2-GW-03 7.34 1755 18.2 895 16 
BAP2-GW-04 7.2 1802 19.1 914 56 
BAP2-GW-05 7.38 1769 17.6 873 64 
BAP2-GW-06 7.51 1758 18 906 75 
BAP2-GW-07 7.48 1782 19.2 912 82 
BAP2-GW-08 8.01 2014 17.1 1006 102 
BAP2-GW-09 7.98 2011 17.3 1004 111 
BAP2-GW-10 8.84 1072 16.7 553 61 
BAP2-GW-11 8.23 1248 17.4 624 58 
BAP2-GW-12 8.2 2009 17.9 1043 53 
BAP2-GW-13 7.98 2018 19.3 1009 66 
BAP2-GW-14 7.96 1994 18.7 1041 72 
BAP2-GW-15 7.82 1875 17 960 38 
BAP2-GW-16 8.11 2014 18.3 1005 40 
BAP2-GW-17 7.6 1310 21.4 660 68 
LP= La Pampa, GW, groundwater, EC= Eduardo Castex, BAP= Buenos Aires Province EC= electrical  conductivity, T = temperature, TDS = total 
dissolved solids,  Eh/SHE, redox potential 
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Table D.2: Continued 
Thesis Cods pH EC )μS/cm( T (°C) TDS (mg/l) Eh/SHE (mV) 
BAP2-GW-18 7.7 1320 19.6 672 77 
BAP2-GW-19 7.42 1280 19 647 60 
BAP2-GW-20 7.66 1412 18.2 709 65 
BAP2-GW-21 8.22 1173 18.2 598 50 
BAP2-GW-22 8.17 1209 19 609 68 
BAP2-GW-23 7.86 1166 17.6 555 102 
BAP2-GW-24 7.92 1230 18.2 624 112 
BAP2-GW-25 7.83 1233 19.3 625 109 
BAP2-GW-26 7.9 1230 18 622 112 
BAP2-GW-27 7.75 1187 19.7 576 138 
BAP2-GW-28 7.82 1200 19 601 146 
BACF2-T-01 7.64 335 17.8 167 578 
BACF2-T-02 7.65 333 17.4 166 577 
BACF2-T-03 7.27 310 18.9 155 614 
BACF2-T-04 7.27 309 18.3 153 620 
BACF2-T-05 7.25 328 16.8 164 287 
BACF2-T-06 7.22 326 15.3 162 289 
BACF2-T-07 7.28 754 19 377 583 
BACF2-T-08 7.4 767 17.2 383 653 
BACF2-T-09 7.3 757 17.9 378 579 
BACF2-T-10 7.16 764 18.4 381 652 
BACF2-T-11 7.34 643 19.5 321 476 
BACF2-T-12 7.33 651 19.6 326 543 
BACF2-T-13 7.32 600 18.9 300 609 
RN2-GW-01 7.95 150 12.1 78 458 
RN2-GW-02 7.83 142 12.4 73 566 
RN2-GW-03 6.84 450 17.5 235 25 
RN2-GW-04 7.14 542 16.8 280 20 
RN2-GW-05 7.28 572 17.5 296 8 
RN2-GW-06 8.38 74 12.1 37 52 
GW, groundwater, T=tap water, BAP= Buenos Aires Province(SW), BACF= Buenos Aires Capital Federal, EC= electrical  conductivity, T = 
temperature, TDS = total dissolved solids,  Eh/SHE , redox potential 
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Table D.2: Continued 
 
 
 
Thesis Cods pH EC )μS/cm( T (°C) TDS (mg/l) Eh (mV) 
RN2-GW-07 8.52 78 11.2 40 63 
RN2-GW-08 8.34 83 11.4 42 42 
RN2-S-01 7.43 615 13.2 319 9 
RN2-S-02 7.68 166 13.9 82 56 
RN2-S-03 7.7 168 13.5 83 68 
RN2-S-04 7.5 164 14.3 82 81 
RN2-S-05 7.53 441 14.3 220 90 
RN2-S-06 8.01 129 21.8 65 13 
RN2-S-07 7.89 346 22.7 174 22 
RN2-S-08 7.63 1478 9.6 760 86 
RN2-T-01 7.61 168 14.3 84 580 
RN2-T-02 7.43 615 13.2 319 9 
RN2-T-03 7.73 729 11.3 378 73 
RN2-T-04 7.78 1343 11.1 680 38 
RN2-T-05 7.37 276 11.2 138 94 
RN2-T-06 7.65 215 7 104 72 
RN2-T-07 7.84 729 10.6 378 73 
RN2-T-08 7.56 168 16.9 87 528 
RN2-T-09 7.27 342 9.8 173 65 
RN2-T-10 7.77 192 16.5 100 440 
RN2-T-11 7.69 170 12.1 88 555 
RN2-T-12 7.72 1412 9.3 702 42 
GW, groundwater, T=tap water, S=surface, RN=Río Negro, EC= electrical  conductivity, T = temperature, TDS = total dissolved solids,  Eh/SHE = 
redox potential 
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Table D.3: Total trace elements (g/l) and fluoride (mg/l) in each sample collected from La Pampa (LP), Buenos Aires BA) 
Río Negro province (RN). 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
LP2-GW-SE-01 8.2 66.57 < 0.06 < 0.03 0.63 < 0.09 < 1.0 < 0.04 < 0.7 < 0.2 < 0.03 < 0.3 5.33 2.86 295.41 0.3 1.88 
LP2-GW-SE-02 10.4 1.39 < 0.06 0.09 < 0.03 18.94 2359.1 87.47 < 0.7 < 0.2 < 0.03 < 0.3 1.76 < 0.03 6.12 1590.5 1.22 
LP2-GW-SE-03 10.2 26.84 < 0.06 < 0.03 1.28 < 0.09 < 1.0 0.12 < 0.7 < 0.2 < 0.03 < 0.3 8.39 1.99 215.27 16.3 1.78 
LP2-GW-SE-04 7.7 52.43 < 0.06 < 0.03 0.36 8.21 15.4 1.94 < 0.7 < 0.2 < 0.03 < 0.3 7.23 11.01 228.97 445.3 1.11 
LP2-GW-SE-05 6.9 30.53 < 0.06 < 0.03 < 0.03 < 0.09 < 1.0 < 0.04 < 0.7 < 0.2 < 0.03 < 0.3 1.03 13.98 189.09 302.5 2.46 
LP2-GW-SE-06 13.0 266.96 < 0.06 < 0.03 0.68 4.80 126.0 6.05 < 0.7 < 0.2 < 0.03 < 0.3 6.13 11.46 1380.60 61.7 13.73 
LP2-GW-SE-07 29.6 76.97 < 0.06 < 0.03 0.26 8.61 60.9 2.05 < 0.7 0.9 < 0.03 < 0.3 1.68 9.79 338.54 67.9 5.36 
LP2-GW-SE-08 12.5 217.74 < 0.06 < 0.03 0.18 0.98 15.5 2.33 33.7 0.0 < 0.03 < 0.3 2.56 16.21 1068.28 6.7 10.62 
LP2-GW-SE-09 13.6 77.02 < 0.06 < 0.03 0.46 2.72 14.3 11.06 24.7 1.8 < 0.03 < 0.3 8.42 12.94 460.42 29.2 5.27 
LP2-GW-SE-10 3.4 133.52 < 0.06 0.1 0.38 3.54 17.5 0.99 11.0 0.3 0.19 0.3 3.32 21.10 582.42 9.4 6.60 
LP2-GW-SE-11 2.3 35.62 < 0.06 0.14 0.11 5.24 2715.2 28.19 24.8 1.1 0.26 0.3 2.39 2.78 228.04 143.9 6.18 
LP2-GW-SE-12 3.9 133.44 < 0.06 0.11 0.38 3.60 80.1 1.08 8.8 0.3 0.29 0.2 3.35 20.79 585.63 8.1 6.24 
LP2-GW-SE-13 9.3 22.98 < 0.06 0.25 0.08 4.84 1079.7 33.31 5.3 2.3 0.21 < 0.3 2.17 13.83 155.18 152.8 6.10 
LP2-GW-SE-14 8.9 124.11 < 0.06 0.06 0.21 5.85 9.2 1.55 22.6 0.3 0.28 < 0.3 2.24 1.83 700.42 14.3 6.10 
LP2-GW-SE-15 11.1 118.51 < 0.06 0.09 0.27 5.80 15.6 2.19 6.4 0.5 0.47 < 0.3 2.09 11.35 494.36 47.3 6.05 
LP2-GW-SE-16 2.9 265.31 0.09 0.06 0.79 8.11 8.2 1.23 94.3 0.2 < 0.03 < 0.3 12.84 4.31 1217.24 6.5 9.44 
LP2-GW-SE-17 2.1 289.02 0.09 0.06 0.36 5.91 2.0 1.00 90.3 0.2 < 0.03 < 0.3 14.68 23.73 1178.06 3.3 9.44 
LP2-GW-SE-18 19.8 288.19 0.08 0.05 0.38 7.22 1.9 1.08 91.6 0.2 < 0.03 < 0.3 14.25 20.86 1199.79 3.2 9.46 
LP2-GW-SE-19 3.0 87.83 0.02 0.23 0.08 4.86 16.7 2.30 17.1 1.4 < 0.03 < 0.3 1.63 2.85 438.62 22.4 4.09 
LP2-GW-SE-20 2.5 270.99 0.09 0.06 0.73 7.84 7.3 1.50 93.3 0.3 < 0.03 < 0.3 13.06 4.08 1243.98 5.8 9.40 
LP2-GW-EC-01 12.0 587.89 0.13 < 0.03 1.74 1.47 26.7 0.69 57.4 < 0.2 < 0.03 < 0.3 3.13 60.04 1841.70 38.4 7.23 
LP2-GW-EC-02 13.0 598.72 0.13 < 0.03 1.73 1.34 22.0 0.57 56.0 < 0.2 < 0.03 < 0.3 3.12 57.33 1838.17 39.6  
LP2-GW-EC-03 3.5 586.40 0.08 < 0.03 1.30 1.78 28.4 0.18 50.8 < 0.2 < 0.03 < 0.3 2.90 59.30 1892.81 58.0 7.54 
LP2-GW-EC-04 4.6 610.53 0.07 < 0.03 1.31 1.44 21.5 0.58 51.8 < 0.2 < 0.03 < 0.3 2.99 59.18 1931.89 54.7 7.48 
LP2-GW-EC-05 4.0 769.53 0.07 0.06 0.96 0.94 4.6 1.04 60.2 < 0.2 0.04 < 0.3 3.16 77.17 2225.40 11.5 8.55 
LP2-GW-EC-06 4.4 768.77 0.07 0.05 0.88 0.91 4.7 1.03 60.6 < 0.2 0.03 < 0.3 3.11 76.07 2169.26 12.2 8.61 
LP2-GW-EC-07 13.2 1135.28 0.54 < 0.03 2.33 1.12 23.3 0.97 799.8 < 0.2 0.20 < 0.3 5.72 93.94 4509.89 17.3 13.86 
LP2-GW-EC-08 12.2 1174.86 0.51 < 0.03 2.29 0.90 20.5 0.82 805.5 < 0.2 0.03 < 0.3 5.86 93.03 4421.23 17.0 13.86 
LP2-GW-EC-09 11.5 1146.63 0.53 < 0.03 2.28 0.83 19.2 0.89 801.3 < 0.2 < 0.03 < 0.3 5.75 93.63 4412.79 19.2 13.86 
LP2-GW-EC-10 4.8 55.26 < 0.06 < 0.03 1.24 < 0.09 3.4 1.05 18.4 < 0.2 0.14 -< 0.3 23.21 20.25 219.87 9.0 1.92 
LP2-GW-EC-11 5.1 56.66 < 0.06 < 0.03 1.26 < 0.09 2.8 1.17 18.6 < 0.2 0.15 < 0.3 22.46 22.11 225.88 12.2 1.85 
LP2-GW-EC-12 3.2 54.18 < 0.06 < 0.03 1.28 < 0.09 2.3 1.00 18.8 < 0.2 0.09 < 0.3 21.28 21.81 228.69 6.5 1.86 
LP= La Pampa, GW, groundwater, SE= south eastern, EC= Eduardo Castex 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
LP2-GW-EC-13 3.3 78.12 < 0.06 < 0.03 0.37 < 0.09 11.6 0.22 24.4 < 0.2 0.08 < 0.3 0.72 15.08 352.57 8.4 5.23 
LP2-GW-EC-14 3.8 79.98 < 0.06 < 0.03 0.55 < 0.09 14.2 1.09 25.3 < 0.2 < 0.03 < 0.3 0.73 15.66 385.70 8.1 5.24 
LP2-GW-EC-15 2.5 78.79 < 0.06 < 0.03 0.44 < 0.09 47.4 1.55 23.5 < 0.2 < 0.03 < 0.3 0.60 14.36 382.72 8.6 5.25 
LP2-GW-EC-16 4.0 79.51 < 0.06 < 0.03 0.50 < 0.09 81.1 1.67 23.0 < 0.2 0.06 < 0.3 0.54 14.23 384.13 20.9 5.24 
LP2-GW-EC-17 10.8 594.86 0.25 < 0.03 2.04 2.43 14.3 0.27 55.4 < 0.2 0.45 0.4 3.33 64.18 1762.34 48.6 7.15 
LP2-GW-EC-18 3.4 1116.03 0.54 < 0.03 2.23 0.10 5.0 2.00 767.5 < 0.2 < 0.03 < 0.3 5.75 94.30 4320.83 7.9 13.92 
LP2-GW-EC-19 6.4 1134.83 0.52 < 0.03 2.23 < 0.09 7.8 2.15 798.4 < 0.2 < 0.03 < 0.3 5.91 93.11 4421.32 4.3 13.97 
LP1-GW-BA-01 1.0 361.31 < 0.06 < 0.03 3.12 0.86 1.3 < 0.04 87.6 0.2 < 0.03 < 0.3 24.36 126.72 590.09 < 0.2 8.34 
LP1-GW-BA-02 1.4 352.32 < 0.06 < 0.036 2.79 0.37 1.6 < 0.04 84.3 0.2 < 0.03 < 0.3 23.80 11.86 567.55 < 0.2 8.17 
LP1-GW-EC-01 1.3 176.07 < 0.06 < 0.03 5.17 0.47 0.7 0.05 127.1 0.4 < 0.03 < 0.3 11.70 5.33 489.56 < 0.2 8.09 
LP1-GW-EC-02 1.0 235.95 < 0.06 0.289 5.26 0.51 1.8 < 0.04 132.2 0.9 < 0.03 < 0.3 12.12 50.75 610.05 132.4 9.15 
LP1-GW-EC-03 1.3 333.60 < 0.06 0.05 4.94 0.50 0.9 < 0.04 166.6 0.2 < 0.03 < 0.3 10.98 81.08 746.62 0.3 10.10 
LP1-GW-EC-04 1.4 193.30 < 0.06 0.04 6.26 0.43 1.1 < 0.04 161.7 0.3 < 0.03 < 0.3 12.52 97.99 487.42 < 0.2 9.09 
LP1-GW-EC-05 1.5 278.60 < 0.06 0.079 4.81 1.46 1.0 0.07 160.0 0.4 < 0.03 < 0.3 12.34 13.15 737.63 39.9 11.21 
LP1-GW-EC-06 1.2 337.49 < 0.06 0.025 3.47 0.28 0.7 < 0.04 91.0 0.2 < 0.03 < 0.3 8.09 24.92 975.33 < 0.2 10.53 
LP1-GW-EC-07 1.0 242.17 < 0.06 0.035 5.44 0.15 0.8 < 0.04 124.5 0.2 < 0.03 < 0.3 11.98 64.44 590.00 < 0.2 7.98 
LP1-GW-EC-08 5.3 234.88 < 0.06 < 0.03 3.99 0.33 3.7 0.13 242.1 0.3 < 0.03 < 0.3 9.64 9.72 765.06 0.7 14.74 
LP1-GW-EC-09 1.5 586.88 < 0.06 < 0.03 6.38 0.34 0.8 0.03 224.9 0.2 < 0.03 < 0.3 13.48 38.52 851.94 0.2 12.62 
LP1-GW-EC-10 1.5 149.56 < 0.06 < 0.03 5.28 0.26 0.8 < 0.04 103.8 0.2 < 0.03 < 0.3 14.19 1.58 450.07 0.2 8.12 
LP1-GW-EC-11 4.6 46.10 < 0.06 0.028 2.74 0.56 2.2 0.27 43.9 0.2 < 0.03 < 0.3 6.19 104.77 191.21 0.4 5.00 
LP1-GW-EC-12 1.2 77.82 < 0.06 < 0.03 4.49 0.47 0.8 < 0.04 84.8 0.3 < 0.03 < 0.3 8.17 100.86 323.11 < 0.2 4.83 
LP1-GW-EC-13 1.5 62.07 < 0.06 0.009 5.56 0.31 1.0 0.05 112.4 0.3 < 0.03 < 0.3 12.45 4.15 309.03 < 0.2 4.31 
LP1-GW-EC-14 1.1 141.78 < 0.06 0.051 5.29 5.36 0.6 < 0.04 132.2 1.8 < 0.03 < 0.3 11.08 67.80 343.96 0.3 6.09 
LP1-GW-EC-15 1.3 135.64 < 0.06 0.029 5.60 0.91 0.8 < 0.04 129.2 0.4 < 0.03 < 0.3 11.08 143.38 350.94 < 0.2 5.92 
LP1-GW-EC-16 0.9 1548.68 < 0.06 0.069 2.96 1.23 1.0 < 0.04 77.9 0.2 < 0.03 < 0.3 5.81 83.48 2510.09 < 0.2 16.53 
LP1-GW-EC-17 8.1 48.87 < 0.06 0.091 0.20 3.62 7.2 0.28 23.1 0.7 < 0.03 < 0.3 2.06 5.01 244.17 2.7 3.56 
LP1-GW-EC-18 1.1 162.97 < 0.06 < 0.03 4.83 0.32 0.5 < 0.04 115.9 0.2 < 0.03 < 0.3 10.60 3.80 461.88 < 0.2 8.17 
LP1-GW-EC-19 2.6 236.21 < 0.06 0.029 6.17 0.59 1.3 0.05 155.1 0.4 < 0.03 < 0.3 12.93 21.60 715.24 0.2 9.86 
LP1-GW-EC-20 1.3 325.68 < 0.06 < 0.03 4.69 0.17 0.6 0.04 155.7 0.2 < 0.03 < 0.3 10.48 2.29 703.07 < 0.2 10.16 
LP1-GW-EC-21 1.4 190.70 < 0.06 0.055 6.15 0.23 0.7 < 0.04 156.6 0.3 < 0.03 < 0.3 12.26 5.16 467.25 < 0.2 9.09 
LP1-GW-EC-22 1.0 262.66 < 0.06 < 0.036 4.83 0.22 0.8 < 0.04 151.9 0.2 < 0.03 < 0.3 11.37 67.36 736.82 < 0.2 10.70 
LP1-GW-EC-23 1.3 344.55 < 0.06 < 0.03 3.53 0.81 0.6 < 0.04 90.4 0.2 < 0.03 < 0.3 8.24 15.54 995.13 < 0.2 10.68 
LP1-GW-EC-24 1.3 226.70 < 0.06 0.032 4.72 0.17 1.1 < 0.04 118.6 0.2 < 0.03 < 0.3 11.55 33.61 567.47 < 0.2 7.77 
LP1-GW-EC-25 1.3 566.29 < 0.06 < 0.03 5.90 0.51 0.6 0.04 213.0 0.2 < 0.03 < 0.3 13.01 13.44 786.64 < 0.2 12.25 
LP= La Pampa, GW, groundwater, EC= Eduardo Castex, BA=Buenos Aires 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
LP1-GW-EC-26 1.3 150.72 < 0.06 0.049 5.27 0.59 0.9 < 0.04 104.4 0.2 < 0.03 < 0.3 14.22 61.97 458.39 0.3 8.21 
LP1-GW-EC-27 1.6 79.99 < 0.06 < 0.036 5.08 0.54 1.1 < 0.04 78.2 0.3 < 0.03 < 0.3 11.65 15.65 341.77 0.2 5.49 
LP1-GW-EC-28 0.9 77.41 < 0.06 0.035 4.31 2.13 0.7 < 0.04 82.1 0.3 < 0.03 < 0.3 8.30 76.00 312.25 0.3 4.85 
LP1-GW-EC-29 1.3 62.26 < 0.06 < 0.03 5.61 0.37 0.8 < 0.04 113.4 0.3 < 0.03 < 0.3 13.13 79.81 318.10 1.1 4.67 
LP1-GW-EC-30 1.3 137.67 < 0.06 0.031 5.29 0.45 1.0 < 0.04 134.5 0.5 < 0.03 < 0.3 10.92 62.49 346.26 0.2 5.22 
LP1-GW-EC-31 1.0 136.13 < 0.06 0.03 5.28 0.27 0.7 < 0.04 130.5 0.3 < 0.03 < 0.3 10.97 61.79 334.88 < 0.2 6.13 
LP1-GW-EC-32 2.0 230.26 < 0.06 0.065 9.13 1.06 1.0 0.08 223.2 0.5 < 0.03 < 0.3 19.26 137.93 584.96 1.3 9.19 
LP1-GW-EC-33 1.2 1697.85 < 0.06 0.041 2.93 0.72 0.6 < 0.04 81.4 0.2 < 0.03 < 0.3 6.21 18.06 2533.44 < 0.2 10.99 
LP1-GW-EC-34 0.9 53.97 < 0.06 0.061 0.15 0.85 1.5 < 0.04 18.8 0.3 < 0.03 < 0.3 0.98 48.70 226.14 0.8 12.90 
LP1-GW-EC-35 1.1 727.34 < 0.06 0.046 2.82 1.00 1.4 < 0.04 257.0 0.3 < 0.03 < 0.3 33.83 118.96 1163.82 < 0.2 2.49 
LP1-GW-EC-36 1.1 1720.09 < 0.06 0.054 2.92 0.80 0.9 < 0.04 74.0 0.3 < 0.03 < 0.3 6.32 41.42 2585.72 0.5 11.39 
LP1-GW-EC-37 1.6 630.75 < 0.06 0.047 4.00 0.52 1.7 0.05 214.0 0.7 < 0.03 < 0.3 32.02 250.01 1079.88 1.9 1.58 
LP1-GW-EC-38 1.1 251.62 < 0.06 0.025 1.63 0.19 0.8 0.03 94.5 0.2 < 0.03 < 0.3 13.24 5.15 448.02 1.1 1.77 
LP1-GW-EC-39 0.8 1905.57 < 0.06 0.118 2.22 1.53 0.7 < 0.04 76.2 0.6 < 0.03 < 0.3 5.24 75.74 2906.22 < 0.2 11.67 
LP1-GW-EC-40 1.0 1682.57 < 0.06 0.054 2.71 0.66 0.6 < 0.04 69.9 0.4 < 0.03 < 0.3 6.00 27.57 2451.66 0.7 11.46 
LP1-GW-EC-41 0.7 1408.69 < 0.06 0.05 2.55 2.34 1.3 < 0.04 65.4 0.3 < 0.03 < 0.3 5.52 81.82 2334.38 1.6 10.36 
LP1-GW-EC-42 0.9 1757.31 < 0.06 0.051 3.06 0.97 4.4 < 0.04 72.2 0.3 < 0.03 < 0.3 6.03 46.65 2566.00 0.7 11.19 
LP1-GW-EC-43 0.9 1711.04 < 0.06 0.056 2.86 0.43 0.9 < 0.04 71.9 0.2 < 0.03 < 0.3 6.11 32.67 2547.85 0.3 11.35 
LP1-GW-EC-44 1.0 1629.26 < 0.06 0.044 2.87 0.61 0.9 < 0.04 71.1 < 0.2 < 0.03 < 0.3 6.02 35.13 2501.10 0.2 11.23 
LP1-GW-EC-45 0.6 200.40 < 0.06 < 0.039 4.96 1.30 0.5 < 0.04 117.2 0.7 < 0.03 < 0.3 12.43 16.97 506.20 0.3 8.22 
LP1-GW-EC-46 0.8 232.95 < 0.06 0.032 5.12 0.51 0.7 < 0.04 123.3 0.2 < 0.03 < 0.3 12.57 11.21 576.87 < 0.2 8.79 
LP1-GW-EC-47 0.7 167.22 < 0.06 < 0.03 4.74 0.12 0.9 < 0.04 104.0 < 0.2 < 0.03 < 0.3 10.35 3.03 427.75 < 0.2 6.95 
LP1-GW-EC-48 0.7 182.09 < 0.06 < 0.03 5.13 0.22 0.9 < 0.04 111.1 < 0.2 < 0.03 < 0.3 11.12 21.56 469.56 < 0.2 6.89 
LP1-GW-EC-49 1.5 13.06 < 0.06 0.03 0.57 2.82 1.2 0.73 12.2 7.0 < 0.03 < 0.3 1.08 1.10 41.49 2.2 1.72 
LP1-GW-EC-50 1.0 294.78 < 0.06 0.021 4.06 0.38 0.9 0.03 98.4 < 0.2 < 0.03 < 0.3 9.31 21.00 877.47 < 0.2 9.10 
LP1-GW-EC-51 1.0 166.61 < 0.06 0.109 5.25 3.38 < 1.0 0.05 129.7 0.3 < 0.03 < 0.3 10.67 8.31 428.64 < 0.2 7.74 
LP1-GW-EC-52 0.8 262.42 < 0.06 < 0.036 4.55 0.13 < 1.0 < 0.04 145.7 < 0.2 < 0.03 < 0.3 10.88 6.22 716.26 < 0.2 10.29 
LP1-GW-EC-53 1.9 62.07 < 0.06 < 0.03 3.12 0.18 0.9 0.03 63.7 < 0.2 < 0.03 < 0.3 5.86 1.29 233.92 0.5 6.65 
LP1-GW-EC-54 0.8 324.70 < 0.06 < 0.032 3.10 0.30 0.7 < 0.04 86.5 < 0.2 < 0.03 < 0.3 7.79 27.00 1000.74 < 0.2 9.98 
LP1-GW-EC-55 0.7 214.31 < 0.06 0.065 5.33 0.28 0.8 < 0.04 121.3 0.2 < 0.03 < 0.3 11.87 28.31 558.34 < 0.2 7.16 
LP1-GW-EC-56 0.9 172.38 < 0.06 0.034 5.16 0.45 1.1 < 0.04 92.7 0.2 < 0.03 < 0.3 13.30 31.77 518.24 0.2 8.72 
LP1-GW-EC-57 0.6 75.84 < 0.06 < 0.033 4.22 0.20 1.8 < 0.04 71.8 < 0.2 < 0.03 < 0.3 11.15 38.61 325.70 0.3 4.77 
LP1-GW-EC-58 0.9 58.21 < 0.06 < 0.03 3.56 1.20 2.7 < 0.04 58.0 0.3 < 0.03 < 0.3 8.52 79.72 248.89 0.2 4.04 
LP1-GW-EC-59 0.7 70.77 < 0.06 0.03 2.79 1.22 1.8 < 0.04 77.6 0.2 < 0.03 < 0.3 8.38 33.92 296.72 < 0.2 4.58 
LP= La Pampa, GW, groundwater, EC= Eduardo Castex. 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
LP1-GW-EC-61 0.8 102.32 < 0.06 < 0.03 3.39 0.52 1.5 < 0.04 90.5 0.3 < 0.03 < 0.3 7.19 23.14 371.84 0.2 5.64 
LP1-GW-EC-62 0.9 101.48 < 0.06 < 0.033 3.38 0.31 0.7 < 0.04 87.7 < 0.2 < 0.03 < 0.3 7.24 9.17 365.18 0.3 5.67 
LP1-GW-EC-63 0.9 2480.29 < 0.06 0.041 3.73 0.48 0.4 < 0.04 1251.0 0.2 < 0.03 < 0.3 12.50 30.00 4365.38 < 0.2 17.26 
LP1-GW-EC-64 1.0 282.73 < 0.06 0.142 6.06 1.29 0.6 < 0.04 133.4 0.3 < 0.03 < 0.3 31.89 11.08 673.33 < 0.2 17.91 
LP1-GW-EC-65 1.0 380.79 < 0.06 0.155 4.33 1.51 0.7 < 0.04 232.7 0.6 < 0.03 < 0.3 25.17 89.36 892.69 < 0.2 13.07 
LP1-GW-EC-66 1.0 383.52 < 0.06 0.158 4.51 1.91 0.8 < 0.04 238.9 0.7 < 0.03 < 0.3 25.35 96.07 923.58 < 0.2 12.96 
LP1-GW-EC-67 3.3 150.98 < 0.06 < 0.03 5.69 0.81 2.9 0.05 91.4 0.3 < 0.03 < 0.3 11.77 23.02 501.78 2.4 9.85 
LP1-GW-EC-68 2.8 310.78 < 0.06 < 0.03 1.23 0.48 0.9 < 0.04 108.4 0.2 < 0.03 < 0.3 14.20 3.60 517.30 1.2 2.24 
LP1-GW-EC-69 1.4 712.69 < 0.06 < 0.03 1.77 0.62 1.2 < 0.04 45.0 0.1 < 0.03 < 0.3 2.76 13.24 1546.00 0.7 11.09 
LP1-GW-EC-70 0.7 2594.20 0.25 < 0.031 0.64 0.27 0.5 < 0.04 1.1 0.1 < 0.03 < 0.3 < 0.07 3.58 4371.92 < 0.1 28.81 
LP1-GW-EC-71 0.5 2610.29 0.1 0.277 0.58 1.54 0.1 0.03 64.8 1.3 < 0.03 0.4 1.53 0.09 4404.72 40.4 28.52 
LP1-GW-GP-01 1.1 237.03 < 0.06 < 0.03 4.03 0.21 1.6 0.18 58.5 0.4 < 0.03 < 0.3 15.05 46.91 685.29 6.6 2.18 
LP1-GW-GP-02 1.1 234.37 < 0.06 < 0.03 3.75 0.24 1.5 1.06 59.0 0.4 < 0.03 < 0.3 14.91 42.77 669.15 74.2 2.18 
LP1-GW-GP-03 0.8 24.96 < 0.06 < 0.03 4.61 0.17 1.0 < 0.04 5.4 < 0.2 < 0.03 < 0.3 3.64 27.19 285.02 < 0.2 0.93 
LP1-GW-GP-04 0.7 103.27 < 0.06 0.045 3.03 1.67 5.8 0.07 9.4 0.2 < 0.03 < 0.3 2.36 5.68 181.92 0.9 1.13 
LP1-GW-GP-05 0.8 12.81 < 0.06 0.229 0.66 1.08 0.7 < 0.04 18.4 0.6 < 0.03 < 0.3 3.58 3.74 50.56 < 0.2 0.49 
LP1-GW-GP-06 1.2 172.61 < 0.06 0.028 2.30 0.75 0.5 < 0.04 17.8 0.2 < 0.03 < 0.3 1.74 40.13 473.36 < 0.2 3.58 
LP1-GW-GP-07 2.0 132.00 < 0.06 0.063 1.46 4.79 1.2 0.08 3.3 0.3 < 0.03 < 0.3 1.22 1.40 683.79 0.8 4.77 
LP1-GW-IL-01 6.0 84.80 < 0.06 0.037 1.34 0.42 2.5 0.21 42.1 0.5 < 0.03 < 0.3 2.07 5.36 313.67 3.7 7.74 
LP1-GW-IL-02 1.3 499.19 < 0.06 0.111 5.30 1.18 0.5 0.05 177.0 0.6 < 0.03 < 0.3 7.63 53.13 1242.41 < 0.2 8.21 
LP1-GW-IL-03 1.1 563.26 < 0.06 < 0.034 7.31 0.61 0.6 0.05 155.7 0.2 < 0.03 < 0.3 10.76 9.95 1150.26 < 0.2 7.22 
LP1-GW-IL-04 1.0 295.77 < 0.06 0.055 3.11 0.47 0.4 0.07 23.0 0.3 < 0.03 < 0.3 3.18 52.74 726.98 < 0.2 4.46 
LP1-GW-IL-05 1.5 240.41 < 0.06 0.055 2.64 0.95 1.1 0.13 20.4 0.4 < 0.03 < 0.3 2.73 62.42 653.26 0.5 4.08 
LP1-GW-IL-06 1.8 185.66 < 0.06 0.033 1.15 0.38 1.1 0.15 10.4 0.5 < 0.03 < 0.3 0.91 9.06 474.57 0.9 4.81 
LP1-GW-IL-07 1.0 336.38 < 0.06 0.079 1.44 0.32 0.5 0.04 16.9 0.4 < 0.03 < 0.3 1.54 22.56 717.32 < 0.2 4.21 
LP1-GW-IL-08 1.1 599.31 < 0.06 0.189 2.24 0.55 1.0 0.08 35.3 0.6 < 0.03 < 0.3 2.13 30.01 1002.10 < 0.2 5.81 
LP1-GW-IL-09 1.3 709.09 < 0.06 < 0.03 8.60 0.62 0.5 0.04 180.6 0.4 < 0.03 < 0.3 10.66 7.76 1599.37 < 0.2 9.06 
LP1-GW-IL-10 0.9 226.45 < 0.06 0.21 3.80 2.48 0.6 0.03 51.4 0.8 < 0.03 < 0.3 20.28 33.76 497.00 < 0.2 6.34 
LP1-GW-IL-11 0.9 319.73 < 0.06 < 0.033 6.42 0.20 0.8 < 0.04 74.4 0.2 < 0.03 < 0.3 27.02 48.53 888.05 < 0.2 5.39 
LP1-GW-IL-12 1.1 342.10 < 0.06 < 0.036 6.27 0.20 0.9 < 0.04 76.7 0.3 < 0.03 < 0.3 28.53 42.42 919.85 0.2 5.41 
LP1-GW-IL-13 1.2 558.67 < 0.06 0.024 8.61 0.41 0.6 < 0.04 158.7 0.2 < 0.03 < 0.3 13.80 17.69 1167.81 < 0.2 9.82 
LP1-GW-IL-14 1.5 544.93 < 0.06 0.047 8.47 0.91 0.9 0.06 159.4 0.3 < 0.03 < 0.3 13.52 3.83 1186.92 3.3 9.87 
LP1-GW-IL-15 1.1 634.47 < 0.06 < 0.03 9.87 0.52 0.7 0.05 251.6 0.3 < 0.03 < 0.3 13.70 35.25 1081.55 0.6 7.68 
LP1-GW-IL-16 1.9 353.32 < 0.06 0.036 6.44 0.80 1.0 0.12 42.1 0.3 < 0.03 < 0.3 7.36 57.80 989.50 1.7 4.86 
LP= La Pampa, GW, groundwater, EC= Eduardo Castex, IL= Ingeniero Luiggi 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
LP1-GW-IL-17 0.7 603.16 < 0.06 0.332 1.54 1.89 0.6 0.09 45.4 1.5 < 0.03 < 0.3 5.06 26.36 1071.89 2.3 9.56 
LP1-GW-IL-18 1.1 870.06 < 0.06 0.042 2.14 2.12 1.2 0.17 817.8 0.2 < 0.03 < 0.3 25.56 99.21 1062.44 32.8 3.96 
LP1-GW-IL-19 1.3 830.09 < 0.06 < 0.031 1.26 0.79 1.4 < 0.04 4.4 0.2 < 0.03 < 0.3 0.65 19.90 5242.72 2.9 21.12 
LP1-GW-IL-20 0.8 375.18 < 0.06 0.193 4.72 0.78 1.1 < 0.04 10.8 0.7 < 0.03 < 0.3 4.81 20.29 1441.01 < 0.2 9.45 
LP1-GW-IL-21 1.1 221.85 < 0.06 < 0.03 2.09 0.26 0.9 0.04 191.7 0.3 < 0.03 < 0.3 14.97 164.54 694.31 < 0.2 2.45 
LP1-GW-IL-22 0.9 433.96 < 0.06 0.171 1.04 5.30 0.8 0.03 51.3 1.1 < 0.03 < 0.3 16.33 30.33 873.98 < 0.2 14.71 
LP1-GW-IL-23 1.1 217.79 < 0.06 0.234 3.57 3.11 0.8 0.04 52.5 0.8 < 0.03 < 0.3 20.42 33.08 499.92 0.2 6.38 
LP1-GW-IL-24 0.1 643.16 0.23 0.138 6.52 2.26 0.1 < 0.04 < 0.7 0.7 < 0.03 < 0.3 < 0.07 0.89 1665.15 < 0.2 8.29 
LP1-GW-IL-25 0.3 627.83 0.58 0.157 6.18 2.35 0.1 0.04 < 0.7 0.7 < 0.03 1.7 < 0.07 5.49 1668.88 0.3 8.52 
LP1-GW-IL-26 0.3 385.16 0.28 0.038 1.68 0.35 0.2 0.05 < 0.7 0.3 < 0.03 < 0.3 < 0.07 2.97 803.90 < 0.1 4.40 
LP1-GW-IL-27 6.0 84.80 < 0.06 0.037 1.34 0.42 2.5 0.21 42.1 0.5 < 0.03 < 0.3 2.07 5.36 313.67 3.7 7.74 
LP1-T-LI-01 2.3 3.72 < 0.06 0.12 0.42 1.99 3.5 0.16 1.8 0.4 < 0.03 < 0.3 < 0.07 < 0.03 17.16 264.7 0.26 
LP1-T-LI-02 3.8 5.63 < 0.06 < 0.032 0.14 0.65 1.2 0.19 2.4 0.2 < 0.03 < 0.3 0.32 < 0.03 27.78 5.0 1.03 
LP1-T-EC-01 2.7 0.65 < 0.06 0.036 0.19 7.60 1.7 0.07 0.8 0.4 < 0.03 < 0.3 0.28 < 0.03 2.19 62.6 0.14 
LP1-T-EC-02 0.5 0.04 < 0.06 0.148 0.32 0.19 0.6 9.13 10.5 11.0 < 0.03 < 0.3 0.25 < 0.03 0.11 7.6 0.14 
LP1-T-EC-03 9.6 0.75 < 0.06 < 0.03 0.08 0.49 0.4 0.05 0.8 0.2 < 0.03 < 0.3 < 0.07 < 0.03 2.41 3.7 0.12 
LP1-T-EC-04 0.5 0.15 < 0.06 < 0.03 0.42 0.40 0.9 1.90 11.6 9.4 < 0.03 < 0.3 0.24 < 0.03 0.26 6.3 0.10 
LP1-T-EC-05 4.0 11.75 0.22 < 0.03 0.10 1.43 0.1 0.03 < 0.7 0.2 < 0.03 < 0.3 < 0.07 1.06 22.97 2.9 0.31 
LP1-T-EC-06 4.3 11.41 0.02 < 0.03 0.25 1.48 1.7 0.08 < 0.7 0.4 < 0.03 0.3 0.02 1.91 22.75 3.0 0.27 
LP1-T-EC-07 4.1 11.59 0.63 < 0.03 0.08 1.65 < 1.0 < 0.04 < 0.7 0.2 < 0.03 2.6 < 0.07 6.48 22.72 3.6 0.30 
LP1-T-EC-8 4.7 11.69 0.28 < 0.03 0.11 0.77 0.0 0.04 < 0.7 0.2 < 0.03 < 0.3 < 0.07 19.17 24.58 2.9 0.27 
LP1-T-EC-9 1.6 0.48 < 0.06 < 0.03 0.04 0.59 0.6 0.04 < 0.7 0.4 < 0.03 < 0.3 < 0.07 < 0.03 1.71 11.3 0.14 
LP1-T-EC-10 1.8 0.58 < 0.06 < 0.03 0.06 0.97 0.5 0.07 < 0.7 0.2 < 0.03 < 0.3 < 0.07 < 0.03 1.92 7.9 0.13 
BAP2-GW-01 7.4 107.91 < 0.06 0.04 0.72 0.98 7.1 1.10 18.7 0.3 0.13 0.1 3.47 8.01 396.78 17.8 5.99 
BAP2-GW-02 8.8 101.98 < 0.06 0.05 0.58 3.32 18.2 1.21 19.6 0.2 0.13 < 0.3 2.95 12.18 465.90 14.0 6.22 
BAP2-GW-03 5.7 115.38 0.07 0.05 0.64 1.58 6.2 1.21 40.6 0.4 0.07 < 0.3 3.52 4.93 425.60 19.3 5.70 
BAP2-GW-04 3.2 107.47 < 0.06 0.02 0.65 1.58 2.7 0.49 50.3 < 0.2 0.12 < 0.3 3.00 1.33 491.01 4.8 4.24 
BAP2-GW-05 2.4 82.95 < 0.06 0.04 0.45 0.44 6.2 0.49 21.7 < 0.2 0.06 < 0.3 2.38 4.60 299.48 1.9 6.00 
BAP2-GW-06 2.1 111.93 0.06 < 0.03 0.56 1.37 1.1 0.62 59.0 < 0.2 < 0.03 < 0.3 3.72 1.10 587.60 2.7 6.01 
BAP2-GW-07 5.5 111.12 0.06 0.03 0.26 1.71 1.1 0.82 57.4 0.2 0.04 < 0.3 3.73 0.94 570.01 12.7 6.00 
BAP2-GW-08 3.9 110.74 0.06 0.03 0.23 1.71 1.1 0.73 57.2 < 0.2 < 0.03 < 0.3 3.67 1.07 558.19 4.6 6.00 
BAP2-GW-09 1.8 110.42 0.06 < 0.03 0.33 1.60 0.8 0.73 56.1 < 0.2 < 0.03 < 0.3 3.70 1.09 552.98 2.0 6.00 
BAP2-GW-12 4.3 173.10 < 0.06 0.1 0.45 2.90 23.0 1.00 34.1 0.4 0.18 0.3 5.00 24.17 576.80 17.3 6.69 
BAP2-GW-13 4.0 40.85 < 0.06 0.23 0.15 3.13 1020.3 31.69 5.6 2.1 0.02 < 0.3 2.08 12.39 208.27 300.8 5.99 
LP= La Pampa, GW, groundwater, T=tap water, IL= Ingeniero Luiggi, T=tapwater, EC=Eduardo Castex, BAP=Buenos Aires Province (SW) 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
BAP2-GW-14 25.4 97.05 < 0.06 0.16 1.70 15.08 20.1 0.62 7.3 1.4 0.07 < 0.3 1.90 7.32 421.95 47.5 4.19 
BAP2-GW-15 27.5 96.84 < 0.06 0.11 1.45 10.10 15.1 0.23 33.7 0.7 < 0.03 < 0.3 1.35 1.79 401.98 10.3 4.19 
BAP2-GW-16 14.4 93.64 < 0.06 0.11 1.39 10.49 7.2 0.33 8.5 1.0 0.03 < 0.3 1.81 8.31 429.50 34.1 4.50 
BAP2-GW-17 2.7 67.23 < 0.06 0.02 0.50 0.50 1.6 0.40 4.4 < 0.2 < 0.03 < 0.3 2.03 13.51 247.13 4.8 3.59 
BAP2-GW-18 3.2 67.69 < 0.06 0.05 0.54 0.61 2.1 0.57 4.3 < 0.2 0.05 < 0.3 1.94 12.66 230.78 19.7 3.58 
BAP2-GW-19 11.3 67.07 < 0.06 0.04 0.52 0.37 2.9 0.82 4.8 < 0.2 0.02 < 0.3 1.97 10.25 170.19 7.5 3.55 
BAP2-GW-20 4.0 66.34 < 0.06 0.33 0.51 0.44 2.5 1.36 3.8 0.2 0.04 < 0.3 2.02 11.89 229.55 358.0 3.62 
BAP2-GW-21 64.3 82.71 < 0.06 0.09 0.10 8.79 90.1 2.25 16.4 0.5 0.16 < 0.3 0.80 4.84 140.02 70.3 5.88 
BAP2-GW-22 58.3 81.52 < 0.06 0.09 0.10 5.92 86.7 2.29 2.0 0.4 0.13 < 0.3 0.76 4.12 102.37 33.9 5.93 
BAP2-GW-23 4.5 104.32 < 0.06 < 0.03 0.40 0.83 1.7 0.24 48.5 < 0.2 0.05 < 0.3 1.79 0.40 432.07 11.4 5.27 
BAP2-GW-24 3.3 101.49 < 0.06 < 0.03 0.52 0.88 1.3 0.21 11.0 0.2 0.06 < 0.3 1.63 4.12 393.34 37.6 5.23 
BAP2-GW-25 2.1 112.50 < 0.06 < 0.03 0.43 1.00 1.4 0.18 48.3 0.2 0.05 < 0.3 1.94 0.96 454.29 26.9 5.26 
BAP2-GW-26 3.9 103.32 < 0.06 < 0.03 0.51 0.72 1.2 0.20 44.8 < 0.2 0.04 < 0.3 1.70 0.35 417.97 9.9 5.25 
BAP2-GW-27 44.2 83.80 < 0.06 0.18 1.79 16.22 22.1 0.81 5.7 1.6 0.15 < 0.3 0.97 7.17 349.98 48.6 3.71 
BAP2-GW-28 40.6 83.02 < 0.06 0.2 1.80 12.83 2 0.57 0.81 6.7 1.6 0.13 < 0.3 0.98 6.73 335.96 56.9 3.73 
BACF2-T-01 22.3 0.44 < 0.06 0.05 0.08 14.61 20.9 1.71 0.6 0.6 0.52 < 0.3 < 0.07 0.06 1.80 16.5 0.06 
BACF2-T-02 24.1 0.51 < 0.06 0.07 0.09 14.25 25.1 2.29 0.6 0.7 0.50 < 0.3 < 0.07 0.06 1.96 30.6 0.06 
BACF2-T-03 17.5 0.45 < 0.06 0.07 0.08 15.65 8.4 0.91 0.6 3.9 1.37 < 0.3 < 0.07 0.04 1.94 84.2 0.05 
BACF2-T-04 17.7 0.47 < 0.06 0.06 0.10 18.18 11.3 1.12 0.6 2.8 2.06 < 0.3 < 0.07 0.04 2.14 58.1 0.05 
BACF2-T-05 15.2 0.27 < 0.06 0.04 0.05 1.40 61.6 5.29 0.4 0.7 0.37 < 0.3 < 0.07 0.04 1.12 28.0 0.06 
BACF2-T-06 20.6 0.31 < 0.06 0.03 0.06 2.95 53.8 3.59 0.5 0.4 1.69 < 0.3 0.34 0.05 1.16 16.8 0.74 
BACF2-T-07 1.4 16.02 < 0.06 < 0.03 0.83 1.03 < 1.0 < 0.04 8.7 < 0.2 0.03 < 0.3 0.30 0.57 62.29 11.3 0.71 
BACF2-T-08 2.2 15.75 < 0.06 < 0.03 0.86 3.04 1.4 < 0.04 7.4 0.2 0.82 < 0.3 0.33 13.93 61.96 34.2 0.72 
BACF2-T-09 1.7 16.06 < 0.06 < 0.03 0.85 5.31 0.6 0.05 6.9 < 0.2 2.34 < 0.3 0.29 13.85 63.25 32.3 0.74 
BACF2-T-10 2.1 15.50 < 0.06 0.03 0.83 0.63 < 1.0 0.03 7.1 < 0.2 0.09 < 0.3 0.20 3.34 56.13 13.3 0.05 
BACF2-T-11 0.8 23.35 < 0.06 0.05 0.59 0.33 < 1.0 0.03 10.5 0.3 < 0.03 < 0.3 < 0.07 1.77 83.69 10.1 0.66 
BACF2-T-12 2.5 23.50 < 0.06 0.05 0.63 0.24 < 1.0 0.05 11.1 0.4 0.06 < 0.3 < 0.07 0.82 100.64 349.6 0.69 
BACF2-T-13 6.8 18.03 < 0.06 0.04 0.51 1.94 0.6 0.12 5.8 0.4 0.10 < 0.3 < 0.07 10.64 65.66 8.1 0.56 
BACF2-T-14 10.7 1.59 0.07 0.041 0.11 0.79 2.3 8.71 2.1 0.4 0.65 2.0 < 0.07 < 0.03 5.05 2.2 0.08 
BACF2-T-15 19.8 19.73 < 0.06 0.039 0.56 0.57 2.3 2.11 9.3 0.3 < 0.03 < 0.33 0.26 5.09 52.37 0.3 0.49 
BACF2-T-16 1.2 29.37 < 0.06 < 0.03 0.89 1.99 0.9 0.06 10.5 < 0.2 0.04 < 0.3 0.35 5.75 79.48 0.7 0.70 
BACF2-T-17 26.3 1.30 < 0.06 0.042 0.08 4.95 5.0 7.49 1.9 2.0 0.05 < 0.3 < 0.07 < 0.03 3.78 182.7 0.08 
BACF2-T-18 7.7 0.87 < 0.06 0.054 0.05 0.63 2.0 11.41 1.7 0.5 < 0.03 < 0.3 < 0.07 < 0.03 2.18 0.9 0.05 
BACF2-T-19 1.2 14.29 < 0.06 0.119 0.29 29.98 1.0 0.92 0.2 0.8 4.62 < 0.3 0.69 29.17 57.30 21.1 0.34 
LP= La Pampa, GW, groundwater, T=tap water, BAP=Buenos Aires Province (SW), BACF=Buenos Aires Capital Federal. 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
BACF2-T-20 16.3 2.50 < 0.06 0.032 0.15 1.00 2.7 8.39 2.5 2.7 < 0.033 < 0.3 < 0.07 0.12 8.02 2.7 0.11 
BACF2-T-21 1.2 42.78 < 0.06 0.045 1.25 0.17 < 1.0 0.69 6.0 0.3 < 0.03 < 0.3 1.19 3.02 79.53 825.7 0.67 
BACF2-T-22 5.9 0.72 < 0.06 < 0.03 0.06 1.10 1.7 7.77 1.5 0.5 0.03 < 0.3 < 0.07 < 0.03 1.99 0.8 0.06 
BACF2-T-23 21.3 0.88 < 0.06 0.06 0.08 12.97 5.0 14.77 1.8 0.6 0.07 < 0.3 < 0.07 < 0.03 2.72 13.9 0.06 
BACF2-T-24 13.1 0.74 < 0.06 0.035 0.07 1.47 2.2 4.78 1.9 1.8 0.01 < 0.3 < 0.07 < 0.03 2.54 17.6 0.05 
BACF2-T-25 28.8 0.85 < 0.06 0.082 0.07 44.58 2.6 10.96 1.6 2.8 0.40 < 0.3 < 0.07 < 0.03 2.35 76.9 0.06 
BACF2-T-26 12.7 1.27 < 0.06 < 0.03 7.81 0.17 0.4 0.33 1.1 0.3 < 0.03 < 0.3 < 0.07 0.12 5.67 0.2 0.89 
BACF2-T-27 48.9 0.79 < 0.06 0.03 0.07 2.72 3.6 5.83 1.4 0.5 < 0.035 < 0.3 < 0.07 < 0.03 1.84 6.0 0.06 
BACF2-T-28 1.7 32.21 < 0.06 0.047 0.89 0.18 < 1.0 < 0.04 14.4 0.4 < 0.03 < 0.3 0.37 7.98 80.71 < 0.2 0.76 
BACF2-T-29 0.8 44.48 < 0.06 0.004 0.62 0.06 0.2 < 0.04 15.5 < 0.2 < 0.03 < 0.3 < 0.07 4.35 107.03 < 0.1 0.82 
BACF2-T-30 22.9 4.06 < 0.06 0.051 0.21 2.93 4.0 9.08 3.5 0.7 0.80 < 0.3 0.22 0.82 13.80 12.2 0.19 
BACF2-T-31 70.4 0.97 < 0.06 0.044 0.08 2.23 3.3 10.74 1.6 0.7 < 0.03 < 0.3 < 0.07 0.02 2.80 3.5 0.06 
BACF2-T-32 0.5 28.51 < 0.06 0.031 0.28 0.45 4.9 0.75 13.6 < 0.2 < 0.03 < 0.3 0.26 18.56 83.53 9.9 0.76 
BACF2-T-33 0.8 23.65 < 0.06 0.04 0.64 1.56 < 1.0 0.17 11.7 0.4 0.13 < 0.3 0.53 7.36 70.13 6.8 0.76 
BACF2-T-34 5.5 20.38 0.02 < 0.03 0.70 1.22 1.2 0.36 9.9 < 0.2 0.04 < 0.3 0.53 8.55 61.92 0.6 0.74 
BACF2-T-35 0.3 19.10 0.03 0.071 0.24 0.54 0.9 0.08 6.2 0.4 0.25 < 0.33 0.39 13.29 61.54 32.6 0.64 
BACF2-T-36 0.6 17.98 < 0.06 < 0.03 0.82 0.29 0.6 0.05 11.7 < 0.2 0.23 < 0.3 0.25 14.03 59.33 24.7 0.75 
BACF2-T-37 1.5 21.23 < 0.06 < 0.03 0.73 4.15 0.7 0.08 9.9 0.3 7.30 < 0.3 0.53 9.02 58.75 3.3 0.78 
BACF2-T-38 0.4 9.67 < 0.06 0.086 0.12 1.08 2.2 2.31 3.2 0.5 0.03 < 0.3 0.56 13.89 40.82 29.0 0.26 
BACF2-T-39 15.1 0.45 < 0.06 0.295 0.03 1.49 37.6 38.16 1.7 0.6 0.03 < 0.3 < 0.07 < 0.03 0.97 31.6 0.06 
BACF2-T-40 44.8 0.59 < 0.06 0.211 0.09 10.53 16.2 23.14 0.7 2.6 0.39 < 0.3 < 0.07 < 0.03 2.28 337.1 0.05 
BACF2-T-41 10.4 0.68 < 0.06 0.026 < 0.03 < 0.09 0.4 2.65 0.6 0.8 < 0.03 0.3 0.21 < 0.03 0.67 2.1 0.05 
BACF2-T-42 11.6 0.59 0.09 < 0.034 0.05 2.86 1.3 7.84 1.0 0.6 0.26 < 0.3 < 0.07 < 0.03 1.80 24.2 0.05 
BACF2-T-43 0.8 31.27 < 0.06 0.045 0.56 1.13 0.9 0.06 8.5 0.2 < 0.03 < 0.3 0.41 20.10 92.03 0.9 0.69 
BACF2-T-44 21.1 0.68 < 0.06 0.05 0.07 1.42 9.8 11.11 1.6 0.6 0.04 < 0.3 < 0.07 < 0.03 2.32 51.5 0.06 
BACF2-T-45 49.1 0.72 < 0.06 0.037 0.07 4.55 2.2 8.86 1.1 0.6 < 0.03 < 0.3 < 0.07 < 0.03 2.28 6.6 NS 
BACF2-T-46 27.6 0.65 < 0.06 0.032 0.06 2.34 6.3 4.40 1.4 0.8 < 0.03 < 0.3 < 0.07 < 0.03 1.67 41.1 0.05 
BACF2-T-47 0.8 27.12 < 0.06 0.202 0.24 1.29 1.9 1.14 8.6 0.5 < 0.03 < 0.3 0.27 13.80 87.79 9.9 0.67 
BACF2-T-48 0.6 22.73 < 0.06 0.049 0.37 0.97 0.4 0.04 8.7 0.2 0.05 < 0.3 0.45 12.91 74.69 1.1 0.56 
BACF2-T-49 7.0 1.34 0.09 0.045 0.24 0.72 2.8 4.00 1.8 0.6 < 0.03 < 0.3 0.20 < 0.03 5.55 775.8 0.09 
BACF2-T-50 22.0 0.51 < 0.06 < 0.03 0.08 1.13 2.9 11.97 < 0.7 0.4 < 0.03 < 0.3 0.35 < 0.03 1.79 2.2 0.07 
BACF2-T-51 18.7 0.64 < 0.06 0.03 0.05 12.16 15.7 7.49 0.3 0.4 0.73 < 0.3 0.32 < 0.03 1.73 29.0 0.08 
BACF2-T-52 8.8 15.19 < 0.06 < 0.03 0.37 1.84 0.9 0.23 7.5 1.7 < 0.03 < 0.3 0.43 2.85 57.12 6.5 0.39 
BACF2-T-53 15.5 0.64 < 0.06 < 0.03 0.06 4.72 47.2 6.38 0.0 0.3 1.32 < 0.3 0.29 < 0.03 1.97 22.5 0.06 
BACF2-T-54 12.0 0.50 < 0.06 0.03 0.05 0.51 13.7 11.57 0.3 0.4 < 0.03 < 0.3 0.36 < 0.03 1.49 0.4 0.06 
T=tap water, BAP=Buenos Aires Province Capital Federal. 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
BACF2-T-55 6.6 32.36 < 0.06 < 0.03 0.60 1.58 1.1 0.11 13.6 0.2 < 0.03 < 0.3 0.49 8.25 86.93 4.1 0.68 
BACF2-T-56 5.8 26.66 < 0.06 0.03 0.62 12.01 1.5 0.24 12.8 0.4 0.04 < 0.3 0.55 8.14 71.63 19.3 0.66 
BACF2-T-57 48.0 0.57 < 0.06 0.08 0.07 1.62 12.9 24.08 < 0.7 0.6 0.08 < 0.3 0.38 0.03 2.03 23.3 0.07 
BACF2-T-58 1.1 7.19 < 0.06 0.17 0.04 7.83 1.2 0.11 < 0.7 1.4 < 0.03 < 0.3 0.52 5.27 44.66 6.8 0.17 
BACF2-T-59 31.0 0.62 < 0.06 0.03 0.06 4.66 12.4 6.66 < 0.7 0.6 1.17 < 0.3 0.31 < 0.03 1.00 23.3 0.07 
BACF2-T-60 10.5 0.52 0.08 0.13 < 0.033 4.44 29.3 13.59 < 0.7 0.6 0.64 < 0.3 0.34 < 0.03 0.65 405.7 0.06 
BACF2-T-61 4.5 0.34 < 0.06 0.03 0.03 0.82 19.6 7.18 < 0.7 0.8 < 0.008 < 0.3 0.32 < 0.03 0.60 65.0 0.05 
RN2-GW-01 16.0 1.66 < 0.06 0.01 < 0.03 1.41 4.9 1.20 0.5 0.1 0.05 < 0.3 0.27 0.04 2.64 14.7 0.16 
RN2-GW-02 8.7 1.65 0.09 0.01 0.06 1.92 6.1 1.21 0.4 0.3 0.08 < 0.3 0.25 0.03 2.44 15.3 0.15 
RN2-GW-03 6.2 1.51 0.14 0.11 0.04 1.78 79.1 105.38 1.8 0.9 0.10 < 0.3 0.14 0.39 2.01 15.2 0.48 
RN2-GW-04 4.4 1.23 1.51 0.10 < 0.03 1.22 70.4 109.11 1.9 0.8 0.06 < 0.3 0.16 0.33 1.98 17.0 0.46 
RN2-GW-05 40.3 1.20 < 0.06 0.12 < 0.03 0.67 3.3 110.07 2.3 0.7 < 0.03 < 0.3 0.17 < 0.03 2.05 14.0 0.49 
RN2-GW-06 11.1 1.85 < 0.06 0.06 0.11 4.16 10.3 0.79 0.4 0.4 0.25 0.3 0.33 < 0.03 5.36 34.5 0.48 
RN2-GW-07 11.7 38.87 0.06 0.06 0.23 6.81 12.0 0.90 27.4 0.5 0.43 0.3 0.84 2.74 130.11 22.8 0.84 
RN2-GW-08 13.3 11.18 0.20 0.09 0.16 7.24 12.1 1.34 2.2 0.8 0.82 0.4 0.64 0.31 45.29 23.0 0.49 
RN2-S-01 1.9 3.30 < 0.06 0.03 < 0.03 0.66 3.2 244.21 0.8 0.2 < 0.03 < 0.3 0.25 0.11 0.63 5.9 0.46 
RN2-S-02 11.3 1.73 < 0.06 < 0.03 0.03 0.60 8.3 4.84 < 0.7 0.2 0.03 < 0.3 < 0.07 0.24 3.82 0.8 0.13 
RN2-S-03 9.4 1.51 < 0.06 < 0.03 < 0.03 0.69 15.8 7.70 < 0.7 0.2 < 0.03 < 0.3 < 0.07 0.09 3.26 1.3 0.15 
RN2-S-04 9.8 1.85 < 0.06 < 0.03 < 0.03 1.51 5.2 3.99 0.1 0.3 < 0.03 < 0.3 < 0.07 0.21 3.88 5.5 0.13 
RN2-S-05 3.4 2.37 < 0.06 < 0.03 < 0.03 0.67 14.4 121.80 1.0 0.3 0.06 < 0.3 < 0.07 1.84 4.12 1.8 0.29 
RN2-S-06 12.3 0.50 < 0.06 < 0.03 < 0.03 < 0.09 2.1 2.30 0.0 < 0.2 < 0.03 < 0.3 0.21 < 0.03 1.98 2.5 0.14 
RN2-S-07 14.5 0.55 < 0.06 < 0.03 < 0.03 < 0.09 0.5 2.19 0.0 < 0.2 < 0.03 < 0.3 < 0.07 < 0.03 1.95 0.0 0.13 
RN2-S-08 3.9 1.55 < 0.06 0.02 < 0.03 0.53 1.3 5.45 3.4 0.2 < 0.03 < 0.3 0.52 0.74 3.33 5.1 0.24 
RN1-S-01 4.3 1.72 < 0.06 0.061 0.14 0.28 1.4 0.19 0.9 0.3 0.08 < 0.3 < 0.07 < 0.03 3.06 11.0 0.15 
RN1-S-02 4.6 1.72 < 0.06 0.026 0.08 0.35 1.4 0.14 1.0 0.3 < 0.03 < 0.3 0.09 < 0.03 3.87 6.2 0.14 
RN1-S-03 10.0 1.06 < 0.06 0.031 0.06 33.56 0.9 0.65 0.8 0.4 < 0.03 < 0.3 < 0.07 < 0.03 3.28 31.5 0.13 
RN1-S-04 8.3 0.21 < 0.06 < 0.033 0.04 0.52 0.9 0.52 0.2 0.2 < 0.03 < 0.3 < 0.07 < 0.03 1.29 11.3 0.11 
RN1-S-05 2.0 2.60 < 0.06 0.036 0.09 1.34 1.0 0.10 3.7 0.5 < 0.03 < 0.3 0.31 < 0.03 10.51 7.9 0.25 
RN1-S-06 1.4 0.25 < 0.06 < 0.031 < 0.032 1.27 0.8 0.06 < 0.7 < 0.2 < 0.03 < 0.3 < 0.07 < 0.03 0.67 3.0 0.13 
RN1-S-07 1.9 18.60 < 0.06 0.021 0.12 16.62 0.9 0.11 5.2 0.6 < 0.03 < 0.3 1.34 1.98 70.33 1.3 0.51 
RN1-S-08 2.8 3.87 < 0.06 < 0.038 0.06 0.61 1.3 3.84 4.9 0.3 < 0.03 < 0.3 0.94 < 0.03 10.78 2.8 0.24 
RN1-S-09 3.6 1.38 < 0.06 < 0.036 0.04 4.16 1.0 0.15 0.8 1.1 < 0.03 < 0.3 < 0.07 < 0.03 3.07 8.4 0.16 
RN1-S-10 5.2 1.64 < 0.06 0.024 0.05 1.61 3.1 0.41 0.9 0.3 < 0.03 < 0.3 < 0.07 < 0.03 3.44 4.3 0.14 
RN1-S-11 9.2 2.66 < 0.06 0.051 0.17 6.56 6.1 0.42 4.2 1.1 < 0.03 < 0.3 0.57 < 0.03 5.16 5.0 0.14 
RN1-S-12 4.6 1.93 < 0.06 < 0.03 0.10 0.58 1.5 0.16 3.6 0.6 < 0.03 < 0.3 0.39 < 0.03 3.67 1.7 0.12 
GW, groundwater, T=tap water, S=surface water, BAP=Buenos Aires Capital Federal. 
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Table D.3: Continued 
Thesis Cods Al AsT Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se U V Zn F- 
RN1-S-13 4.5 1.27 < 0.06 0.037 0.08 2.38 1.5 0.15 2.7 0.9 < 0.03 < 0.3 0.38 < 0.03 2.90 2.3 0.11 
RN1-S-14 3.6 3.14 < 0.06 0.125 0.07 0.80 2.0 2.06 4.0 1.3 < 0.03 < 0.3 0.26 < 0.03 3.74 1.9 0.06 
RN1-S-15 3.6 1.91 < 0.06 0.024 0.04 0.77 1.8 0.07 4.8 0.3 < 0.03 < 0.3 0.30 0.11 4.42 3.2 0.30 
RN1-S-16 3.8 1.91 < 0.06 < 0.036 0.06 0.32 1.6 0.11 5.5 0.8 < 0.03 < 0.3 0.40 < 0.03 4.37 5.6 0.28 
RN1-S-17 4.0 2.10 < 0.06 0.026 0.06 1.36 1.7 0.06 5.9 0.7 < 0.03 < 0.3 0.42 < 0.03 4.63 11.5 0.30 
RN1-S-18 4.7 2.21 < 0.06 0.021 0.05 0.45 1.8 0.09 5.9 0.6 < 0.03 < 0.3 0.43 < 0.03 4.88 13.8 0.29 
RN1-S-19 2.1 0.52 < 0.06 0.005 0.05 0.21 0.7 0.04 1.2 0.3 < 0.03 < 0.3 0.30 < 0.03 1.59 0.8 0.26 
RN1-S-20 4.3 1.39 < 0.06 0.022 0.11 0.37 1.4 0.08 2.8 0.5 < 0.03 < 0.3 0.38 < 0.03 3.65 1.5 0.25 
RN1-S-21 4.6 1.46 < 0.06 < 0.039 0.04 0.37 1.4 0.09 2.8 0.3 < 0.03 < 0.3 0.41 < 0.03 3.51 0.5 0.24 
RN2-T-01 12.1 1.72 < 0.06 < 0.03 < 0.03 6.03 1< 1.06 1.38 < 0.7 0.2 0.25 < 0.3 < 0.07 0.31 3.66 32.3 0.13 
RN2-T-02 1.9 3.30 < 0.06 0.03 < 0.03 0.66 3.2 244.21 0.8 0.2 < 0.03 < 0.3 0.25 0.11 0.63 5.9 0.46 
RN2-T-03 10.6 2.08 < 0.06 < 0.03 0.03 52.44 3.0 0.84 0.7 3.0 8.85 < 0.3 0.53 0.14 4.05 24.4 0.21 
RN2-T-04 15.1 2.18 < 0.06 < 0.03 0.04 20.87 3.0 0.68 0.7 2.7 3.74 < 0.3 0.54 0.17 4.32 16.5 0.22 
RN2-T-05 33.8 1.72 < 0.06 < 0.03 < 0.03 5.12 6.7 0.79 < 0.7 0.2 0.22 < 0.3 0.31 0.07 2.95 22.7 0.20 
RN2-T-06 9.0 1.30 0.07 < 0.03 < 0.03 3.27 4.9 0.91 < 0.7 0.2 0.18 < 0.3 0.27 < 0.03 2.47 17.4 0.17 
RN2-T-07 12.0 3.77 0.05 < 0.03 0.07 16.21 3.4 0.64 1.1 2.2 6.02 < 0.3 1.19 0.58 10.78 11.3 0.28 
RN2-T-08 29.0 1.81 < 0.06 < 0.03 < 0.030 15.33 8.0 0.92 < 0.7 1.5 1.20 < 0.3 0.29 0.03 3.23 12.7 0.20 
RN2-T-09 9.6 27.91 0.08 < 0.03 0.07 5.01 6.2 0.88 2.2 0.3 0.13 < 0.3 0.40 1.49 98.97 41.3 0.62 
RN2-T-10 17.2 4.31 0.08 < 0.03 0.08 149.13 5.0 1.12 0.7 0.8 1.35 < 0.3 0.30 0.11 12.77 90.3 0.18 
RN2-T-11 10.2 1.38 < 0.06 < 0.03 < 0.03 2.95 5.9 0.63 0.6 0.3 0.36 < 0.3 0.30 < 0.03 2.64 12.0 0.19 
RN2-T-12 14.7 2.78 < 0.06 < 0.03 0.06 18.61 4.6 1.00 0.9 2.6 4.09 < 0.3 0.75 0.34 6.44 16.4 0.22 
RN1-T-01 14.5 2.07 < 0.06 0.043 0.07 2.48 1.6 0.33 3.7 0.6 < 0.03 < 0.3 0.71 < 0.03 4.65 206.2 0.25 
RN1-T-02 12.3 1.82 < 0.06 0.021 0.05 0.73 1.5 8.18 3.3 11.6 < 0.03 < 0.3 0.65 < 0.03 3.76 35.8 0.21 
RN1-T-03 36.6 1.34 < 0.06 0.022 0.05 0.27 1.8 0.18 5.8 0.7 < 0.03 < 0.3 0.54 < 0.03 4.63 15.9 0.30 
RN1-T-04 35.6 1.68 < 0.06 0.025 0.12 0.26 1.9 0.33 6.9 0.6 < 0.03 < 0.3 0.58 < 0.03 4.81 3.5 0.29 
RN1-T-05 3.8 2.18 < 0.06 0.034 0.16 11.48 2.2 0.11 6.1 0.7 < 0.03 < 0.3 1.83 < 0.03 4.35 1.1 0.27 
RN1-T-06 2.6 1.44 < 0.06 0.057 0.13 1.24 4.0 16.07 8.5 2.3 < 0.03 < 0.3 0.50 0.64 2.74 1.1 0.23 
S=surface water, T=tapwater, RN=RíoNegro. 
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Table D.4: Human Samples Demographic Information and vanadium (V)/arsenic (As) levels (g/l) 
Code-LP- Age Gender Chronic disease 
V As 
FN TN H W FN TN H W 
1 42 M Yes 43.13 11.23 0.19 1243.98 19.36 6.02 0.19 270.99 
2 37 F Yes 46.92 17.37 0.20 1243.98 21.35 9.34 0.15 270.99 
3 12 F Yes 50.89 18.43 0.23 1243.98 18.87 5.88 0.22 270.99 
4 10 F Yes 0.54 22.44 0.14 1243.98 0.26 16.53 0.12 270.99 
5 7 M Yes 0.54 0.24 0.22 1243.98 0.25 0.24 0.21 270.99 
6 52 F Yes 1.30 0.59 0.20 1178.06 0.85 0.35 0.15 289.02 
7 47 F Yes 1.39 1.49 0.24 1178.06 0.80 1.07 0.17 289.02 
8 46 M Yes 4.07 1.92 0.32 1178.06 4.13 2.06 0.18 289.02 
9 38 M Yes 0.38 3.18 1.35 1178.06 0.28 2.95 0.78 289.02 
10 15 F Yes 1.57 2.41 0.68 1178.06 0.66 1.93 0.46 289.02 
11 56 F Yes 2.82 1.72 3.05 582.42 2.36 2.24 2.25 133.52 
12 51 M Yes 2.83 2.20 1.87 582.42 2.11 2.11 1.26 133.52 
13 55 M Yes 3.01 2.14 0.50 587.60 2.93 2.66 0.65 111.93 
14 51 F Yes 3.07 2.78 0.86 587.60 3.31 2.82 1.14 111.93 
15 27 F Yes 2.25 1.60 0.46 587.60 2.45 0.73 0.50 111.93 
16 51 M Yes 1.77 2.15 0.89 170.19 0.67 0.89 0.76 67.07 
17 46 F Yes 1.07 0.84 0.34 170.19 0.49 0.45 0.24 67.07 
18 28 F Yes 5.46 4.49 0.90 170.19 6.49 4.93 0.62 67.07 
19 43 F Yes 5.52 4.59 0.89 349.98 7.00 5.18 0.59 83.80 
20 41 M Yes 1.36 3.83 0.62 349.98 1.19 3.99 0.42 83.80 
21 72 F Yes 0.19 0.13 1.90 3.79 0.14 0.15 0.52 1.20 
22 48 F Yes 0.03 0.02 0.12 3.79 0.09 0.09 0.04 1.20 
23 60 M Yes 0.12 0.17 0.93 3.79 0.11 0.11 0.38 1.20 
24 18 M Yes 0.05 0.05 0.03 3.79 0.12 0.12 0.06 1.20 
25 21 M Yes 0.04 0.04 0.09 3.79 0.11 0.12 0.09 1.20 
26 12 M Yes 0.03 0.04 0.03 3.79 0.11 0.10 0.07 1.20 
27 12 F Yes 0.11 0.03 0.05 3.79 0.18 0.09 0.11 1.20 
28 52 F No 0.02 0.02 0.10 3.79 0.07 0.07 0.04 104.30 
29 48 M No 0.03 0.03 0.02 3.79 0.07 0.07 0.05 104.30 
30 32 M No 0.07 0.05 0.02 3.79 5.25 1.00 0.16 104.30 
31 26 F No 0.08 0.03 0.03 3.79 0.19 0.61 0.09 104.30 
32 71 M Yes NS 37.02 0.02 1931.89 NS 26.38 0.05 610.53 
33 34 M Yes NS 18.08 0.30 1931.89 NS 13.34 0.06 610.53 
34 31 M Yes NS 17.23 0.78 1931.89 NS 12.89 0.08 610.53 
F=female, M=male, FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.4: Continued 
Code-LP- Age Gender Chronic disease 
V As 
FN TN H w FN TN H W 
35 48 M Yes NS 19.06 1.87 4412.79 NS 11.27 3.76 1146.63 
36 36 F Yes NS 16.89 3.22 4412.79 NS 10.79 5.96 1146.63 
37 19 F Yes NS 17.84 2.63 4412.79 NS 13.47 5.28 1146.63 
38 24 M Yes NS 21.22 2.96 219.87 NS 15.87 3.12 55.26 
39 22 F Yes NS 33.02 2.87 219.87 NS 18.04 4.80 55.26 
40 62 M Yes NS 19.39 6.34 225.88 NS 12.88 7.02 56.66 
41 58 F Yes NS 23.38 2.15 225.88 NS 17.05 2.42 56.66 
42 51 F Yes NS 30.37 3.16 4320.83 NS 18.40 4.02 1116.03 
43 34 M Yes NS 33.15 4.28 4320.83 NS 24.16 6.32 1116.03 
44 19 F Yes NS 36.00 2.90 4320.83 NS 25.71 4.57 1116.03 
45 12 M Yes NS 34.27 2.22 4320.83 NS 18.32 4.16 1116.03 
46 44 M Yes NS 40.55 14.52 4421.32 NS 29.00 25.87 1134.83 
47 21 M Yes NS 31.64 2.62 4421.32 NS 17.67 5.55 1134.83 
48 36 F Yes NS 38.04 0.73 4421.32 NS 24.48 1.35 1134.83 
49 43 M Yes NS 21.14 1.41 4509.89 NS 15.81 2.55 1135.28 
50 38 F Yes NS 32.99 6.42 4509.89 NS 29.03 12.72 1135.28 
51 14 M Yes NS 0.06 2.55 4509.89 NS 0.12 5.58 1135.28 
F=female, M=male, FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.5: Trace element levels in hair (H), fingernail (FN), toenail (TN) and water (W) samples collected from La Pampa. 
Code-
LP- 
Cu Fe Mn Mo Se U Zn 
FN TN H W FN TN H W FN TN H W FN TN H W FN TN H W FN TN H W FN TN H W 
1 7.12 2.88 3.39 7.84 23.33 9.34 4.13 7.31 0.64 0.37 0.14 1.50 0.23 0.01 0.02 93.30 1.28 0.83 0.24 13.06 0.17 0.08 0.06 4.08 96.68 73.58 47.47 5.77 
2 6.58 3.29 8.72 7.84 25.80 7.95 11.76 7.31 0.81 0.41 0.52 1.50 0.02 0.02 0.06 93.30 1.19 0.85 0.70 13.06 0.21 0.12 0.06 4.08 84.21 75.04 87.87 5.77 
3 7.90 3.40 20.41 7.84 26.30 7.67 21.88 7.31 0.95 0.44 0.69 1.50 0.30 0.02 0.02 93.30 1.17 0.86 0.92 13.06 0.26 0.12 0.07 4.08 94.92 71.70 153.90 5.77 
4 5.78 3.11 23.71 7.84 12.52 13.27 26.05 7.31 0.55 0.79 0.80 1.50 0.02 0.04 0.02 93.30 0.95 0.85 1.04 13.06 0.35 0.16 0.03 4.08 97.26 63.49 181.33 5.77 
5 5.09 4.72 7.46 7.84 11.49 23.07 8.80 7.31 0.51 0.63 0.66 1.50 0.02 0.02 0.02 93.30 0.91 0.95 0.83 13.06 0.37 0.21 0.16 4.08 92.88 89.60 121.41 5.77 
6 3.69 5.54 8.47 5.91 9.47 13.99 10.89 2.04 0.46 0.78 0.83 1.00 0.02 0.02 0.02 90.30 0.90 1.03 0.82 14.68 0.29 0.72 0.11 23.73 85.14 92.86 136.81 3.32 
7 5.06 4.58 7.78 5.91 19.84 22.15 10.53 2.04 0.83 0.98 0.79 1.00 0.02 0.02 0.02 90.30 0.95 0.84 0.80 14.68 0.29 0.27 0.11 23.73 96.01 83.02 105.34 3.32 
8 5.03 3.46 107.56 5.91 82.53 32.40 14.50 2.04 3.21 1.61 0.63 1.00 0.02 0.02 0.02 90.30 0.91 0.85 0.62 14.68 5.72 1.97 0.24 23.73 100.45 80.41 162.57 3.32 
9 4.47 3.85 9.76 5.91 40.91 93.06 35.43 2.04 0.80 3.68 0.57 1.00 0.02 0.02 0.02 90.30 0.98 0.91 0.79 14.68 0.25 4.85 0.07 23.73 107.45 94.37 224.46 3.32 
10 3.63 3.77 9.14 5.91 36.33 61.93 22.09 2.04 1.11 3.01 0.50 1.00 0.02 0.02 0.02 90.30 0.91 1.06 0.77 14.68 2.06 4.24 0.04 23.73 91.31 100.66 266.91 3.32 
11 4.79 3.40 11.55 1.37 62.81 30.56 23.38 17.52 6.67 4.30 2.88 0.99 0.02 0.02 0.03 59.03 0.87 0.76 0.91 3.72 6.52 0.62 13.08 21.1 90.62 116.59 169.42 2.65 
12 3.65 2.79 13.90 1.37 42.02 16.61 9.81 17.52 5.35 5.06 0.81 0.99 0.02 0.02 0.02 59.03 0.79 0.87 1.17 3.72 2.93 2.93 0.53 21.1 84.10 81.68 172.28 2.65 
13 3.31 2.62 14.24 0.37 27.90 21.91 13.02 1.11 4.12 3.71 0.50 0.62 0.02 0.02 0.01 4.79 0.78 0.79 0.65 1.97 3.78 3.88 0.06 1.1 72.91 74.24 140.48 7.47 
14 3.51 3.01 11.02 0.37 48.26 29.48 15.63 1.11 4.69 4.39 0.57 0.62 0.02 0.02 0.03 4.79 0.81 0.94 0.64 1.97 4.71 4.78 0.13 1.1 78.34 90.07 131.02 7.47 
15 3.75 4.49 13.51 0.37 49.77 22.45 11.76 1.11 2.74 1.15 0.41 0.62 0.02 0.02 0.00 4.79 0.82 1.04 0.62 1.97 3.48 0.47 0.06 1.1 82.92 98.32 135.16 7.47 
16 4.93 3.87 12.11 16.22 19.70 39.92 32.00 2.89 1.15 1.32 1.46 0.82 0.02 0.02 0.04 5.66 0.87 0.85 0.61 0.97 0.50 0.48 0.33 10.25 101.64 94.02 166.96 48.58 
17 5.00 6.13 11.12 16.22 18.32 37.81 13.24 2.89 0.78 1.03 0.79 0.82 0.02 0.02 0.00 5.66 0.90 0.99 0.31 0.97 0.24 0.28 0.16 10.25 89.47 101.07 85.52 48.58 
18 5.56 3.43 58.50 16.22 16.41 11.68 19.81 2.89 7.65 5.98 2.79 0.82 0.02 0.02 0.03 5.66 0.82 0.95 0.72 0.97 10.77 10.82 0.71 10.25 83.86 86.80 177.38 48.58 
19 4.16 2.98 20.66 3.54 22.52 19.99 19.59 22.09 7.65 6.00 2.04 0.81 0.02 0.02 0.02 11.03 0.94 0.85 0.67 3.32 11.43 7.02 0.98 7.17 92.98 80.19 183.42 9.40 
20 4.52 7.19 19.18 3.54 21.10 49.28 23.00 22.09 1.25 5.78 1.57 0.81 0.02 0.02 0.03 11.03 1.17 1.05 0.68 3.32 0.83 6.15 0.49 7.17 101.58 105.87 171.63 9.40 
21 5.97 4.62 10.42 0.55 21.03 16.34 12.33 6.89 0.49 0.34 0.51 5.08 0.02 0.02 0.09 0.55 0.95 1.00 0.98 0.1 0.05 0.04 0.21 0.12 100.99 102.33 157.18 2.67 
22 5.74 7.97 13.63 0.55 23.73 27.91 10.89 6.89 0.48 0.38 1.50 5.08 0.02 0.02 0.02 0.55 0.97 1.03 0.75 0.1 0.01 0.01 0.13 0.12 111.55 108.83 114.00 2.67 
23 6.13 4.16 10.87 0.55 20.69 16.24 14.53 6.89 0.41 0.30 0.45 5.08 0.02 0.02 0.06 0.55 0.93 0.91 0.89 0.1 0.02 0.04 0.23 0.12 93.82 98.54 163.18 2.67 
24 7.49 4.93 11.32 0.55 35.42 21.33 10.02 6.89 0.81 0.48 0.19 5.08 0.02 0.02 0.02 0.55 1.05 0.97 0.70 0.1 0.01 0.01 0.01 0.12 102.31 102.59 183.33 2.67 
25 5.77 6.55 19.08 0.55 30.53 51.30 17.88 6.89 1.14 0.67 0.60 5.08 0.02 0.02 0.06 0.55 0.96 0.98 0.94 0.1 0.01 0.01 0.05 0.12 128.77 104.21 82.38 2.67 
26 10.73 4.63 9.60 0.55 27.38 18.23 11.74 6.89 0.48 0.37 0.24 5.08 0.02 0.02 0.02 0.55 1.02 0.85 0.75 0.1 0.01 0.01 0.01 0.12 102.82 81.67 163.37 2.67 
27 7.40 3.83 16.71 0.55 30.43 11.58 9.74 6.89 0.64 0.26 0.39 5.08 0.02 0.02 0.02 0.55 0.95 0.88 79.90 0.1 0.01 0.01 0.03 0.12 99.41 84.12 183.85 2.67 
28 6.28 6.17 6.99 0.55 9.56 12.59 7.16 6.89 0.13 0.17 0.11 5.08 0.02 0.02 0.02 0.55 1.32 1.30 1.03 0.1 0.01 0.01 0.01 0.12 79.73 78.54 283.07 2.67 
29 4.81 4.44 38.70 0.55 17.90 23.55 4.95 6.89 0.34 0.35 0.08 5.08 0.02 0.02 0.02 0.55 1.12 1.03 0.72 0.1 0.01 0.01 0.01 0.12 131.39 111.02 168.44 2.67 
30 21.07 9.62 11.04 0.55 32.96 23.67 6.36 6.89 1.13 0.66 0.16 5.08 0.02 0.02 0.02 0.55 0.82 0.92 0.74 0.1 0.01 0.01 0.01 0.12 95.19 90.02 143.14 2.67 
31 8.62 5.31 9.77 0.55 22.28 11.60 19.38 6.89 0.75 0.44 0.24 5.08 0.02 0.02 0.06 0.55 0.95 1.43 0.75 0.1 0.01 0.01 0.01 0.12 116.79 132.90 162.28 2.67 
32 NS 4.09 21.89 1.44 NS 14.13 10.63 21.47 NS 0.15 0.15 0.58 NS 2.54 0.02 51.81 NS 0.58 0.58 2.99 NS 0.20 0.00 59.18 NS 105.62 171.15 54.66 
33 NS 3.82 16.63 1.44 NS 12.79 9.23 21.47 NS 0.19 0.11 0.58 NS 0.90 0.01 51.81 NS 0.54 0.40 2.99 NS 0.14 0.00 59.18 NS 103.53 137.14 54.66 
34 NS 4.90 10.01 1.44 NS 12.55 7.75 21.47 NS 0.20 0.09 0.58 NS 0.88 0.01 51.81 NS 0.53 0.23 2.99 NS 0.12 0.01 59.18 NS 96.49 78.09 54.66 
36 NS 4.44 16.26 0.83 NS 15.13 12.47 19.15 NS 0.16 0.49 0.89 NS 0.69 7.31 801.34 NS 0.57 0.50 5.75 36 NS 4.44 16.26 0.83 NS 15.13 12.47 
37 NS 4.23 95.35 0.83 NS 15.90 7.77 19.15 NS 0.18 0.75 0.89 NS 0.83 12.02 801.34 NS 0.52 0.40 5.75 37 NS 4.23 95.35 0.83 NS 15.90 7.77 
38 NS 4.23 13.68 0.03 NS 10.45 16.96 3.44 NS 0.14 0.94 1.05 NS 1.33 4.77 18.44 NS 0.56 0.45 23.21 38 NS 4.23 13.68 0.03 NS 10.45 16.96 
FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.5: Continued 
Code-
LP- 
Cu Fe Mn Mo Se U Zn 
FN TN H W FN TN H W FN TN H W FN TN H W FN TN H W FN TN H W FN TN H W 
39 NS 4.49 26.62 0.03 NS 12.31 10.13 3.44 NS 0.17 0.65 1.05 NS 1.59 8.67 18.44 NS 0.53 0.46 23.21 39 NS 4.49 26.62 0.03 NS 12.31 10.13 
40 NS 4.46 9.12 0.03 NS 14.26 16.13 2.84 NS 0.16 1.66 1.17 NS 0.82 4.66 18.59 NS 0.56 0.72 22.46 40 NS 4.46 9.12 0.03 NS 14.26 16.13 
41 NS 4.60 28.57 0.03 NS 13.54 16.03 2.84 NS 0.15 0.81 1.17 NS 1.23 1.57 18.59 NS 0.56 0.44 22.46 41 NS 4.60 28.57 0.03 NS 13.54 16.03 
42 NS 4.88 45.44 0.10 NS 15.91 15.93 4.98 NS 0.17 1.35 2.00 NS 1.43 2.39 767.45 NS 0.59 0.53 5.75 42 NS 4.88 45.44 0.10 NS 15.91 15.93 
43 NS 4.68 24.00 0.10 NS 15.64 16.00 4.98 NS 0.25 0.42 2.00 NS 1.97 18.52 767.45 NS 0.56 0.36 5.75 43 NS 4.68 24.00 0.10 NS 15.64 16.00 
44 NS 4.92 20.01 0.10 NS 11.14 18.34 4.98 NS 0.15 1.35 2.00 NS 2.33 8.25 767.45 NS 0.60 0.35 5.75 44 NS 4.92 20.01 0.10 NS 11.14 18.34 
45 NS 5.55 9.98 0.10 NS 14.82 22.50 4.98 NS 0.26 1.01 2.00 NS 1.91 9.55 767.45 NS 0.63 0.44 5.75 45 NS 5.55 9.98 0.10 NS 14.82 22.50 
46 NS 5.14 24.70 0.03 NS 12.73 10.55 7.75 NS 0.17 1.34 2.15 NS 3.03 36.00 798.40 NS 0.58 0.27 5.91 46 NS 5.14 24.70 0.03 NS 12.73 10.55 
47 NS 4.70 9.62 0.03 NS 14.17 9.63 7.75 NS 0.21 0.70 2.15 NS 1.62 10.61 798.40 NS 0.59 0.41 5.91 47 NS 4.70 9.62 0.03 NS 14.17 9.63 
48 NS 5.10 11.34 0.03 NS 11.96 15.27 7.75 NS 0.19 0.51 2.15 NS 2.69 3.18 798.40 NS 0.60 0.44 5.91 48 NS 5.10 11.34 0.03 NS 11.96 15.27 
49 NS 5.13 15.01 1.12 NS 12.23 21.68 23.26 NS 0.15 1.09 0.97 NS 1.09 4.74 799.78 NS 0.59 0.35 5.72 49 NS 5.13 15.01 1.12 NS 12.23 21.68 
50 NS 5.32 16.30 1.12 NS 11.88 12.77 23.26 NS 0.16 1.77 0.97 NS 2.90 22.01 799.78 NS 0.61 0.42 5.72 50 NS 5.32 16.30 1.12 NS 11.88 12.77 
51 NS 7.22 12.30 1.12 NS 16.45 10.62 23.26 NS 0.61 0.57 0.97 NS 0.00 11.16 799.78 NS 0.59 0.48 5.72 51 NS 7.22 12.30 1.12 NS 16.45 10.62 
FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.6: Rio Negro (RN) demographic data and the levels of arsenic and vanadium in 
hair (H), fingernail (FN) and toenail (TN) samples. 
Thesis Code Gender 
Age (< 20 
years) 
No Long-
Term 
Illness 
As V 
H FN TN H FN TN 
RN-01 F Yes Yes 0.37 0.37 0.56 0.42 0.42 0.55 
RN-02 F Yes Yes 0.33 0.33 0.41 0.42 0.42 0.44 
RN-03 M Yes Yes 0.43 0.43 0.47 0.82 0.82 0.93 
RN-04 M Yes Yes 0.88 0.88 1.2 1.29 1.29 1.35 
RN-05 F Yes No 0.48 NS 0.56 0.67 NS 0.72 
RN-06 F Yes Yes 0.72 0.72 0.78 0.54 0.54 0.88 
RN-07 F Yes Yes 0.28 0.28 0.29 0.37 0.37 0.43 
RN-08 F Yes No 1.09 1.09 1.22 1.48 1.48 1.56 
RN-09 F Yes Yes 0.33 NS 0.39 0.31 NS 0.32 
RN-10 F Yes Yes 0.09 NS NS 1.23 NS NS 
RN-11 F Yes No 1.29 1.29 NS 0.19 0.19 NS 
RN-12 F Yes Yes 0.53 0.53 0.77 0.32 0.32 0.42 
RN-13 M Yes No 0.54 0.54 0.65 0.65 0.65 0.78 
RN-14 M Yes Yes 0.44 0.44 0.56 0.53 0.53 0.56 
RN-15 F Yes Yes 0.18 NS 0.19 0.43 NS 0.5 
RN-16 F Yes Yes 0.43 NS 0.51 0.17 NS 0.21 
RN-17 M Yes No 0.99 NS 1.12 0.73 NS 0.98 
RN-18 F Yes Yes 0.43 0.43 0.72 0.09 0.09 0.12 
RN-19 F Yes Yes 1.09 1.09 1.22 0.23 0.23 0.32 
RN-20 M Yes Yes 0.54 NS NS 0.31 NS NS 
RN-21 M Yes Yes 0.67 0.67 0.89 0.09 0.09 0.13 
RN-22 M Yes Yes 0.08 0.08 0.09 0.32 0.32 0.45 
RN-23 F Yes Yes 0.19 0.19 0.28 0.29 0.29 0.32 
RN-24 F Yes Yes 0.28 0.19 0.23 0.17 0.09 0.19 
RN-25 M Yes Yes 0.13 0.09 NS 0.76 0.76 NS 
RN-26 M Yes No NS NS NS NS NS NS 
RN-27 M Yes Yes 0.12 NS 0.09 0.29 NS 0.39 
RN-28 F Yes Yes 0.28 NS 0.42 0.23 NS 0.54 
RN-29 M Yes Yes NS 0.06 NS NS 0.07 NS 
RN-30 M Yes Yes 0.19 0.11 NS 0.32 0.15 NS 
RN-31 M Yes Yes 0.66 0.63 0.45 1.09 1.09 1.12 
RN-32 F Yes Yes 0.33 0.18 0.33 0.38 0.17 0.33 
RN-33 M Yes Yes 0.12 0.09 NS 0.42 0.23 NS 
RN-34 M Yes Yes 0.42 0.29 0.39 1.09 1.09 1.44 
RN-35 M Yes Yes 0.38 0.34 0.39 0.54 0.36 0.43 
RN-36 M Yes Yes 0.22 0.15 0.18 0.56 0.73 0.56 
RN-37 M Yes Yes 0.24 0.13 0.21 0.35 0.18 0.23 
RN-38 F Yes Yes 0.17 0.12 0.13 0.39 0.18 0.28 
RN-39 F Yes Yes 0.31 0.17 NS 0.15 0.07 NS 
RN-40 F Yes Yes 0.15 0.12 0.14 0.34 0.19 0.42 
RN-41 F Yes Yes 0.15 NS NS 0.38 NS NS 
RN-42 M Yes Yes 0.16 0.16 0.17 1.09 1.09 1.33 
RN-43 F Yes Yes 0.21 0.21 0.27 0.49 0.49 0.65 
RN-44 F Yes Yes 0.19 0.19 0.23 0.46 0.46 0.52 
RN-45 M Yes Yes 0.54 0.54 0.72 0.42 0.42 0.45 
RN-46 F Yes Yes 0.45 0.45 0.67 0.19 0.19 0.26 
RN-47 F Yes No 0.14 0.14 0.19 0.41 0.41 0.54 
RN-48 F Yes Yes 0.32 0.32 0.45 0.23 0.23 0.39 
RN-49 F Yes Yes 0.29 0.29 0.31 0.32 0.32 0.42 
RN-50 F Yes Yes 0.43 0.43 0.47 0.76 0.76 1.12 
RN-51 M Yes Yes 0.73 NS NS 0.32 NS NS 
RN-52 M Yes Yes 0.29 0.29 0.34 0.49 0.49 0.56 
RN-53 M Yes Yes 0.33 0.33 0.47 0.36 0.36 0.55 
RN-54 F Yes Yes 0.19 0.19 0.23 0.19 0.19 0.32 
RN-55 F Yes Yes 0.09 0.09 0.1 0.09 0.09 0.12 
RN-56 F Yes Yes 0.38 0.38 0.56 0.32 0.32 0.34 
RN-57 F Yes Yes 0.3 0.3 0.32 0.48 0.48 0.65 
RN-58 F Yes Yes 0.32 0.32 0.43 0.12 0.12 0.18 
RN-59 M Yes Yes 0.16 0.16 0.32 0.27 0.27 0.33 
RN-60 F Yes Yes 0.55 0.55 0.65 0.34 0.34 0.65 
RN-61 F Yes Yes 0.39 0.39 0.54 0.34 0.34 0.74 
RN-62 F Yes Yes 0.39 0.39 0.54 0.08 0.08 0.09 
RN=Río Negro, F=female, M=male, NS=no sample, FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.6: Continued 
Thesis Code Gender 
Age (< 20 
years) 
No Long-
Term 
Illness 
As V 
H FN TN H FN TN 
RN-63 F Yes Yes 0.45 0.45 0.65 0.29 0.29 0.41 
RN-64 F Yes Yes 0.54 0.54 0.76 0.09 0.09 0.13 
RN-65 F Yes Yes 0.29 0.29 0.32 0.14 0.14 0.22 
RN-66 M No No 0.28 0.15 NS 0.42 0.48 NS 
RN-67 F Yes Yes 0.21 NS NS 0.28 NS NS 
RN-68 M Yes Yes 0.28 0.37 0.83 0.19 0.41 0.09 
RN-69 M No No 0.27 NS NS 0.28 NS NS 
RN-70 F Yes Yes 0.21 NS 0.05 0.18 NS 0.72 
RN-71 M Yes Yes 0.19 0.09 0.06 0.67 0.48 0.39 
RN-72 F Yes Yes 0.18 0.42 NS 0.07 0.33 NS 
RN-73 F Yes Yes NS 0.14 0.11 NS 0.92 0.67 
RN-74 F No No 0.18 0.08 0.06 0.18 0.39 0.33 
RN-75 F Yes Yes 0.18 0.07 0.05 0.37 0.41 0.38 
RN-76 F No Yes 0.31 0.16 0.08 0.32 0.39 0.28 
RN-77 F No Yes NS 0.14 0.08 NS 0.26 0.17 
RN-78 F No Yes 0.19 0.05 0.04 0.16 0.39 0.29 
RN-79 M No No 0.28 0.18 0.14 0.32 0.18 0.11 
RN-80 F No Yes 1.1 NS 0.18 0.43 NS 0.29 
RN-81 F Yes Yes 0.34 NS 0.04 0.23 NS 0.13 
RN-82 F No Yes 0.76 0.15 0.12 0.32 0.08 0.11 
RN-83 F Yes Yes 0.32 0.18 0.09 0.18 0.29 0.19 
RN-84 F No No 1.77 0.37 0.16 0.17 0.08 0.06 
RN-85 F No Yes 0.82 0.1 0.08 0.18 0.12 0.11 
RN-86 F No Yes 0.21 0.26 0.15 0.13 0.39 0.25 
RN-87 F Yes Yes 0.73 0.03 0.03 0.54 0.09 0.03 
RN-88 F Yes Yes NS 0.18 0.11 NS 0.33 0.19 
RN-89 F Yes Yes 0.32 0.15 0.08 0.45 0.09 0.12 
RN-90 M No No 0.12 0.07 0.03 0.43 0.28 0.18 
RN-91 F Yes Yes 0.43 0.04 NS 0.52 0.33 NS 
RN-92 M Yes Yes 0.47 NS NS 0.15 NS NS 
RN-93 M Yes Yes 0.41 0.16 0.08 0.21 0.14 0.28 
RN-94 F No No 0.51 0.07 NS 0.27 0.18 NS 
RN-95 M Yes Yes 0.72 NS NS 0.29 NS NS 
RN-96 F No Yes 0.01 0.15 0.20 0.08 0.07 0.03 
RN-97 F No Yes 0.05 0.16 0.28 0.17 0.08 0.14 
RN-98 F No No 0.02 0.09 0.12 0.04 0.03 0.03 
RN-99 F No No 0.02 0.15 0.34 0.14 0.13 0.06 
RN-100 M No Yes 0.06 0.15 0.29 0.03 0.07 0.06 
RN-101 F No Yes 0.01 0.12 0.13 0.08 0.03 0.02 
RN-102 F No No 0.04 0.15 0.15 0.36 0.03 0.05 
RN-103 F No Yes 0.01 0.12 0.18 0.06 0.04 0.02 
RN-104 F No Yes 0.03 0.09 0.10 0.36 0.03 0.06 
RN-105 M No Yes 0.04 0.11 0.08 0.21 0.02 0.03 
RN-106 F No No 0.01 0.13 0.21 0.13 0.05 0.03 
RN-107 M No No 0.06 0.12 0.15 0.04 0.02 0.04 
RN-108 F No Yes 0.04 0.11 0.11 0.27 0.02 0.04 
RN-109 M No Yes 0.05 0.11 0.08 0.02 0.03 0.02 
RN-110 F No No 0.03 0.11 0.12 0.28 0.03 0.02 
RN-111 F No Yes 0.02 0.17 0.16 0.11 0.08 0.04 
RN=Río Negro, F=female, M=male, NS=no sample, FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.7: The levels (mg/kg, dry weight) of other trace elements in hair (H), fingernail 
(FN) and toenail (TN) samples from Río Negro. 
Thesis Code Cu Fe Mn Mo Se Zn 
H FN TN H FN TN H FN TN H FN TN H FN TN H FN TN 
RN-01 49.50 49.50 56.50 66.30 66.30 78.30 4.99 4.99 5.46 0.19 0.19 0.23 0.31 0.31 0.52 176.40 176.40 203.20 
RN-02 55.40 55.40 78.30 100.20 100.20 132.30 1.45 1.45 2.00 0.29 0.29 0.42 0.65 0.65 0.87 167.40 167.40 202.30 
RN-03 53.20 53.20 89.30 112.30 112.30 123.30 3.29 3.29 4.11 0.31 0.31 0.53 0.66 0.66 0.73 183.20 183.20 199.30 
RN-04 27.30 27.30 30.30 107.50 107.50 121.20 3.42 3.42 3.88 0.54 0.54 0.73 1.44 1.44 2.12 243.20 243.20 277.50 
RN-05 38.80 NS 45.30 54.30 NS 77.30 2.77 NS 3.12 0.43 NS 0.56 0.22 NS 0.78 112.50 NS 122.30 
RN-06 45.30 45.30 67.80 109.50 109.50 112.30 5.13 5.13 6.55 0.45 0.45 0.78 1.34 1.34 1.45 168.90 168.90 177.60 
RN-07 41.20 41.20 44.50 25.40 25.40 29.30 2.10 2.10 2.22 0.21 0.21 0.23 0.65 0.65 0.78 167.40 167.40 183.30 
RN-08 64.30 64.30 67.40 77.30 77.30 79.30 3.99 3.99 4.35 0.39 0.39 0.54 0.09 0.09 0.10 94.30 94.30 98.40 
RN-09 31.20 NS 34.30 40.10 NS 43.20 1.02 NS 1.12 0.49 NS 0.54 1.12 NS 1.34 160.80 NS 176.30 
RN-10 27.40 NS NS 29.40 NS NS 2.17 NS NS 0.09 NS NS 0.32 NS NS 145.30 NS NS 
RN-11 19.30 19.30 NS 31.60 31.60 NS 0.39 0.39 NS 0.10 0.10 NS 0.10 0.10 NS 79.40 79.40 NS 
RN-12 54.30 54.30 66.40 62.30 62.30 65.30 1.49 1.49 1.56 0.19 0.19 0.27 0.66 0.66 0.78 166.00 166.00 187.30 
RN-13 38.90 38.90 43.20 30.90 30.90 34.30 4.39 4.39 5.46 0.19 0.19 0.32 0.29 0.29 0.37 98.40 98.40 122.30 
RN-14 30.20 30.20 32.90 55.40 55.40 67.30 1.75 1.75 1.77 0.09 0.09 0.13 0.32 0.32 0.43 133.70 133.70 143.40 
RN-15 38.00 NS 56.30 45.60 NS 48.90 3.27 NS 3.44 0.71 NS 0.93 0.51 NS 0.76 178.40 NS 199.50 
RN-16 34.30 NS 36.30 48.30 NS 54.60 0.92 NS 1.12 0.18 NS 0.23 0.18 NS 0.23 134.50 NS 154.30 
RN-17 63.20 NS 77.80 91.80 NS 98.20 4.89 NS 5.33 0.37 NS 0.65 0.22 NS 0.32 83.20 NS 87.30 
RN-18 66.30 66.30 70.30 78.30 78.30 109.20 3.42 3.42 3.55 0.21 0.21 0.24 0.43 0.43 0.56 172.30 172.30 188.20 
RN-19 52.10 52.10 54.30 43.20 43.20 48.30 2.31 2.31 2.66 0.28 0.28 0.51 3.11 3.11 3.21 132.40 132.40 154.30 
RN-20 77.40 NS NS 60.60 NS NS 2.67 NS NS 0.36 NS NS 0.31 NS NS 155.40 NS NS 
RN-21 38.20 38.20 45.20 71.20 71.20 78.30 2.19 2.19 3.00 0.32 0.32 0.41 0.43 0.43 0.56 193.20 193.20 200.20 
RN-22 26.70 26.70 29.30 17.30 17.30 18.30 2.12 2.12 2.22 0.48 0.48 0.65 0.56 0.56 0.76 128.90 128.90 132.40 
RN-23 32.10 32.10 35.00 43.20 43.20 51.20 3.98 3.98 4.33 0.18 0.18 0.27 0.23 0.23 0.42 166.60 166.60 203.20 
RN-24 33.80 27.30 39.40 19.30 18.30 20.50 1.71 1.38 1.55 0.23 0.32 0.43 0.32 0.78 0.98 154.20 1603.00 154.30 
RN-25 48.40 32.30 NS 38.20 29.30 NS 3.18 1.20 NS 0.65 0.12 NS 0.37 0.37 NS 138.40 138.40 NS 
RN-26 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
RN-27 19.50 NS 22.50 18.60 NS 21.30 1.34 NS 1.66 0.17 NS 0.22 0.06 NS 0.77 98.40 NS 109.30 
RN-28 27.20 NS 27.40 33.60 NS 38.40 0.45 NS 0.56 0.07 NS 0.06 0.33 NS 0.76 144.30 NS 165.70 
RN-29 NS 28.30 NS NS 22.30 NS NS 1.12 NS NS 0.13 NS NS 0.34 NS NS 152.30 NS 
RN-30 32.50 22.30 NS 27.70 30.40 NS 2.19 1.12 NS 0.19 0.12 NS 0.22 0.56 NS 165.30 189.20 NS 
RN-31 30.40 29.30 32.30 66.30 67.20 66.30 1.32 0.77 0.76 0.39 0.13 0.18 0.72 0.72 1.12 166.30 166.30 187.30 
RN-32 41.30 25.60 21.20 17.30 15.60 24.30 2.12 1.65 3.44 0.39 0.39 0.42 0.38 0.62 0.93 133.40 119.30 156.30 
RN-33 22.30 24.30 NS 66.20 78.30 NS 1.54 0.77 NS 0.09 0.07 NS 0.18 0.98 NS 151.80 138.30 NS 
RN-34 31.20 32.30 44.30 65.40 55.20 67.20 2.77 2.19 2.33 0.44 0.19 0.27 0.56 0.56 0.72 133.40 133.40 154.80 
RN-35 54.70 43.20 25.40 32.10 29.60 48.30 2.66 2.09 1.39 0.11 0.14 0.18 1.09 1.77 2.12 243.60 229.40 265.40 
RN-36 18.30 14.30 19.40 31.20 29.50 33.60 3.33 3.02 2.65 0.18 0.18 0.26 0.15 0.83 0.72 177.20 162.30 223.40 
RN-37 28.40 19.40 22.30 21.30 37.20 33.40 1.78 0.88 0.78 0.13 0.09 0.11 0.32 0.93 0.87 138.20 142.30 154.30 
RN-38 24.30 20.10 23.40 30.20 25.60 22.30 1.02 0.78 0.99 0.32 0.33 0.28 0.56 0.78 1.23 165.30 149.50 177.30 
RN-39 38.40 23.40 NS 16.30 27.30 NS 0.33 0.66 NS 0.09 0.09 NS 0.18 0.67 NS 136.30 155.20 NS 
RN-40 31.20 28.30 54.30 18.30 17.20 26.30 2.63 1.89 2.09 0.11 0.13 0.11 0.15 0.39 0.56 114.20 98.30 118.30 
RN-41 20.30 NS NS 33.10 NS NS 2.16 NS NS 0.19 NS NS 0.28 NS NS 188.30 NS NS 
RN-42 65.30 65.30 67.80 177.30 177.30 210.20 4.12 4.12 4.33 0.34 0.34 0.54 0.43 0.43 0.56 198.30 198.30 203.20 
RN-43 65.40 65.40 67.80 41.20 41.20 45.30 2.78 2.78 3.00 0.21 0.21 0.27 0.43 0.43 0.48 166.50 166.50 189.30 
RN-44 73.20 73.20 89.40 98.30 98.30 103.20 3.15 3.15 4.12 0.33 0.33 0.43 1.45 1.45 1.65 1.39 1.39 155.30 
RN-45 54.30 54.30 60.30 78.40 78.40 102.30 1.87 1.87 2.11 0.35 0.35 0.51 1.75 1.75 2.11 189.40 189.40 200.30 
RN-46 98.30 98.30 112.30 98.40 98.40 109.30 3.18 3.18 3.22 0.32 0.32 0.56 1.01 1.01 1.23 145.30 145.30 178.40 
RN-47 55.90 55.90 65.40 69.00 69.00 77.80 0.78 0.78 0.98 0.29 0.29 0.44 0.76 0.76 1.12 198.40 198.40 221.30 
RN-48 48.90 48.90 52.30 67.40 67.40 89.30 1.12 1.12 1.45 0.13 0.13 0.18 0.31 0.31 0.34 139.60 139.60 155.60 
RN-49 52.10 52.10 67.40 54.70 54.70 65.40 3.20 3.20 3.41 0.21 0.21 0.38 0.21 0.21 0.34 128.40 128.40 143.40 
RN-50 54.20 54.20 60.30 39.50 39.50 40.60 2.13 2.13 4.12 0.12 0.12 0.19 0.56 0.56 0.87 138.40 138.40 145.30 
RN-51 77.50 NS NS 119.40 NS NS 1.67 NS NS 0.37 NS NS 2.22 NS NS 198.30 NS NS 
RN-52 44.30 44.30 54.30 99.40 99.40 97.30 1.78 1.78 1.88 0.43 0.43 0.54 1.09 1.09 1.11 133.70 133.70 143.50 
RN-53 55.40 55.40 79.30 77.30 77.30 103.20 3.23 3.23 4.13 0.17 0.17 0.22 0.83 0.83 0.98 165.30 165.30 177.30 
RN-54 33.20 33.20 34.30 44.30 44.30 49.40 0.83 0.83 0.98 0.31 0.31 0.32 0.64 0.64 0.78 137.30 137.30 145.30 
RN-55 51.20 51.20 54.30 33.40 33.40 38.20 1.09 1.09 1.23 0.21 0.21 0.32 0.27 0.27 0.43 112.60 112.60 132.30 
RN-56 63.20 63.20 65.70 134.60 134.60 167.30 2.35 2.35 2.55 0.13 0.13 0.19 0.74 0.74 0.78 231.20 231.20 245.40 
RN-57 51.20 51.20 54.60 78.50 78.50 102.30 4.19 4.19 4.33 0.27 0.27 0.38 0.45 0.45 0.75 133.70 133.70 143.20 
RN-58 44.80 44.80 56.30 112.30 112.30 132.50 1.98 1.98 2.02 0.37 0.37 0.51 0.41 0.41 0.56 133.30 133.30 154.30 
RN-59 22.30 22.30 24.50 32.10 32.10 43.20 3.67 3.67 4.34 0.56 0.56 0.76 0.54 0.54 0.98 198.40 198.40 204.30 
NS=no sample, FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.7: Continued 
Thesis Code Cu Fe Mn Mo Se Zn 
H FN TN H FN TN H FN TN H FN TN H FN TN H FN TN 
RN-60 33.60 33.60 34.50 188.20 188.20 219.30 3.19 3.19 4.55 0.52 0.52 0.75 1.33 1.33 2.12 220.90 220.90 223.20 
RN-61 60.60 60.60 77.60 80.30 80.30 112.30 3.26 3.26 4.33 0.05 0.05 0.13 1.09 1.09 1.12 188.70 188.70 209.30 
RN-62 39.30 39.30 45.60 99.30 99.30 102.30 2.10 2.10 2.33 0.27 0.27 0.38 1.12 1.12 1.23 112.50 112.50 132.30 
RN-63 34.60 34.60 56.40 98.30 98.30 109.20 1.67 1.67 2.23 0.36 0.36 0.56 0.49 0.49 0.67 193.40 193.40 221.20 
RN-64 62.30 62.30 76.40 39.20 39.20 45.30 4.09 4.09 5.12 0.59 0.59 0.76 1.22 1.22 1.21 155.50 155.50 163.20 
RN-65 33.50 33.50 34.20 89.40 89.40 109.30 1.34 1.34 1.44 0.34 0.34 0.42 0.42 0.42 0.78 165.70 165.70 177.30 
RN-66 38.20 33.90 NS 26.30 66.40 NS 2.11 3.19 NS 0.28 0.39 NS 0.45 0.28 NS 167.30 109.70 NS 
RN-67 28.90 NS NS 27.30 NS NS 2.10 NS NS 0.18 NS NS 0.27 NS NS 132.80 NS NS 
RN-68 28.10 44.30 15.30 69.20 98.30 28.30 2.33 5.78 0.77 0.19 0.39 0.03 0.45 1.65 0.19 176.20 177.30 90.30 
RN-69 32.80 NS NS 23.90 NS NS 1.88 NS NS 0.25 NS NS 0.28 NS NS 156.80 NS NS 
RN-70 22.30 NS 55.20 37.20 NS 209.30 2.71 NS 4.19 0.29 NS 0.27 0.32 NS 0.39 182.30 NS 201.30 
RN-71 56.30 60.30 61.30 19.20 66.50 39.40 2.89 3.28 3.19 0.19 0.18 0.14 0.27 0.42 0.39 167.20 198.30 178.30 
RN-72 21.30 68.90 NS 17.20 115.40 NS 1.77 1.56 NS 0.09 0.39 NS 0.21 1.99 NS 102.30 198.40 NS 
RN-73 NS 56.30 49.90 NS 32.30 33.60 NS 3.77 1.89 NS 0.11 0.09 NS 1.09 0.62 NS 172.30 148.30 
RN-74 45.20 77.90 71.20 20.30 98.40 87.40 1.73 3.88 2.78 0.39 0.32 0.26 0.27 1.77 1.67 160.30 177.30 167.30 
RN-75 28.30 47.30 40.30 34.50 92.30 88.30 2.18 1.89 1.34 0.52 0.39 0.33 0.42 1.45 1.29 153.20 154.30 140.30 
RN-76 45.20 69.00 51.30 30.20 92.30 65.30 2.18 3.99 3.19 0.18 0.18 0.16 0.42 1.19 0.92 122.10 182.30 177.30 
RN-77 NS 48.30 42.10 NS 80.40 56.40 NS 1.67 1.09 NS 0.12 0.06 NS 0.45 0.38 NS 148.90 143.20 
RN-78 22.30 59.30 51.20 16.20 81.20 66.30 1.72 1.10 0.88 0.18 0.29 0.19 0.28 1.29 0.99 172.30 210.90 189.40 
RN-79 0.29 98.30 88.30 59.20 98.40 102.40 2.66 3.88 2.98 0.17 0.38 0.25 0.56 1.56 1.29 178.20 188.30 150.30 
RN-80 18.20 NS 41.30 40.80 NS 82.30 3.48 NS 1.77 0.28 NS 0.28 0.12 NS 1.88 110.20 NS 190.30 
RN-81 23.40 NS 31.20 30.20 NS 61.20 1.83 NS 0.56 0.18 NS 0.19 0.17 NS 0.78 152.30 NS 140.50 
RN-82 38.20 40.30 37.30 56.20 88.50 91.20 4.29 1.88 1.56 0.22 0.28 0.26 0.42 1.56 1.78 152.30 138.90 129.40 
RN-83 23.20 56.40 58.40 30.20 200.30 178.30 1.78 2.87 2.56 0.09 0.17 0.12 0.32 0.92 0.67 156.20 223.40 209.30 
RN-84 34.30 67.90 59.40 34.10 56.30 44.50 1.77 5.19 5.19 0.19 0.77 0.69 0.27 1.19 1.23 102.30 177.30 154.30 
RN-85 35.40 27.30 24.30 40.50 93.40 78.40 1.12 2.10 1.56 0.36 0.38 0.27 0.43 0.98 0.62 112.40 182.30 177.30 
RN-86 32.50 22.30 25.30 60.40 277.30 196.30 2.33 4.99 3.78 0.62 0.67 0.39 0.31 1.77 1.29 143.20 210.30 218.30 
RN-87 45.30 41.20 47.30 72.30 51.20 40.20 2.77 2.19 2.11 0.38 0.22 0.17 0.35 0.29 0.19 143.50 138.30 118.30 
RN-88 NS 65.30 54.30 NS 99.40 76.30 NS 3.89 3.78 NS 0.07 0.03 NS 1.29 1.23 NS 198.40 192.30 
RN-89 32.10 48.30 37.80 37.20 184.30 129.40 2.77 2.10 1.99 0.27 0.45 0.27 0.43 0.77 0.39 143.50 160.40 140.40 
RN-90 24.30 19.20 18.30 34.50 32.60 32.10 2.33 3.98 3.77 0.19 0.66 0.48 0.27 0.88 0.62 160.20 199.80 189.30 
RN-91 0.37 44.80 NS 43.50 90.20 NS 3.10 4.19 NS 0.43 0.29 NS 0.91 0.81 NS 121.40 153.20 NS 
RN-92 29.30 NS NS 50.20 NS NS 2.77 NS NS 0.33 NS NS 0.42 NS NS 152.30 NS NS 
RN-93 43.20 27.30 55.90 61.20 84.30 61.20 2.39 2.22 3.41 0.32 0.33 0.29 0.36 0.53 0.59 162.30 209.30 173.20 
RN-94 35.40 47.30 NS 42.30 49.20 NS 2.98 3.43 NS 0.16 0.17 NS 0.39 0.29 NS 156.30 139.40 NS 
RN-95 34.20 NS NS 67.30 NS NS 2.44 NS NS 0.62 NS NS 0.31 NS NS 139.30 NS NS 
RN-96 13.39 4.39 3.23 4.66 19.80 11.97 0.40 0.83 0.46 0.02 2.34 0.01 0.35 0.75 0.90 112.74 118.91 95.05 
RN-97 35.07 4.32 13.08 5.42 6.42 36.46 0.60 0.32 2.38 0.07 0.45 0.02 0.59 0.92 0.90 137.91 92.38 108.29 
RN-98 11.51 5.03 2.25 7.99 11.38 14.88 1.13 0.72 0.43 0.03 0.65 0.01 0.40 0.58 0.68 122.84 110.66 96.41 
RN-99 54.27 9.26 2.71 9.30 32.12 31.92 1.03 0.83 1.03 0.02 0.16 0.02 0.16 0.90 0.92 184.35 115.00 80.95 
RN-100 7.47 7.39 2.18 7.12 32.19 20.96 0.20 1.12 1.08 0.08 0.09 0.02 0.60 1.00 1.20 107.45 119.32 317.69 
RN-101 24.09 20.92 2.30 7.15 11.99 7.55 0.92 0.60 0.37 0.02 0.06 0.01 0.26 1.27 1.08 93.35 124.07 93.93 
RN-102 11.60 4.26 1.63 8.51 9.09 18.36 0.61 0.46 0.62 0.06 0.03 0.03 0.39 0.87 0.74 88.45 99.35 85.58 
RN-103 9.78 4.60 1.41 9.23 20.28 15.03 0.81 0.70 0.38 0.01 0.04 0.01 0.17 0.74 0.81 129.02 132.91 93.62 
RN-104 9.61 5.80 2.86 9.19 13.29 26.98 0.62 0.44 0.89 0.05 0.07 0.02 0.61 0.58 0.58 131.52 149.18 158.00 
RN-105 8.59 4.36 2.18 7.78 11.79 15.01 0.50 0.45 0.42 0.05 0.08 0.03 0.65 0.63 0.58 154.89 129.69 119.08 
RN-106 27.47 6.04 7.76 7.38 20.07 11.27 2.36 1.30 1.24 0.04 0.03 0.01 0.27 0.96 0.89 155.54 131.22 93.25 
RN-107 6.48 3.47 2.34 7.70 7.18 13.03 0.11 0.51 0.55 0.03 0.01 0.02 0.49 1.04 0.89 155.62 121.12 76.77 
RN-108 5.40 4.94 4.00 7.25 7.84 17.65 1.64 0.24 1.11 0.07 0.02 0.01 0.66 0.94 0.90 729.45 825.75 907.38 
RN-109 5.85 3.61 1.90 6.21 14.12 7.57 0.15 0.38 0.26 0.03 0.02 0.01 0.47 0.64 0.58 155.83 103.18 152.13 
RN-110 12.85 4.81 1.97 8.48 19.61 12.43 0.62 0.56 0.30 0.04 0.11 0.01 0.44 0.61 0.66 125.03 112.32 132.59 
RN-111 29.77 4.18 1.70 11.98 29.00 14.61 2.75 0.49 0.52 0.01 0.05 0.01 0.22 1.17 0.71 151.46 89.71 75.84 
NS=no sample, FN=fingernail, TN=toenail, H=hair, W=water 
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Table D.8: The levels (mg/kg, dry weight) of other trace elements in hair (H), fingernail 
(FN) and toenail (TN) samples from Moron (Buenos Aires Capital Federal). 
MO
- 
School Grade 
Age 
(years) 
Gender Hight (cm) 
Weight 
(kg) 
Chronic 
disease 
Drinking 
water 
As V 
H FN TN H FN TN 
1 17 5 10 F 999 99 No T 0.16 0.51 1.00 2.34 0.11 0.30 
2 17 5 11 F 140 99 No T 0.07 0.22 0.50 0.68 0.16 0.15 
3 17 4 10 M 152 25 Yes O 0.07 0.56 1.54 0.59 0.21 0.56 
4 17 4 9 F 150 27 No T 0.07 0.19 0.70 0.14 0.21 0.35 
5 17 5 11 M 999 99 Yes T 0.03 0.92 2.78 0.06 0.20 1.22 
6 17 5 11 M 145 50 Yes T 0.08 0.43 0.74 0.67 0.10 0.16 
7 17 5 11 F 152 42 No B 0.14 0.161 NS 1.06 0.10 NS 
8 17 5 11 F 162 45 Yes T 0.04 NS 0.26 0.24 NS 0.26 
9 17 5 11 F 149 99 No T 0.10 0.27 0.30 1.17 0.18 0.14 
10 17 5 11 M 999 99 No O 0.15 NS NS 0.85 NS NS 
11 17 5 10 M 130 35 No T 0.08 NS NS 0.06 NS NS 
12 17 5 11 F 150 56 Yes T 0.04 0.23 0.63 0.25 0.24 0.20 
13 17 5 10 F 140 41.15 No B 0.05 0.23 0.39 0.69 0.15 0.22 
14 17 5 11 M 145 47 Yes T 0.03 NS 0.39 0.39 NS 0.14 
15 17 5 11 M 999 36 No  0.07 NS 0.62 0.19 NS 0.22 
16 17 4 9 M 140 34.5 No T 0.14 0.23 0.65 0.08 0.39 0.28 
17 17 4 9 M 999 99 No T 0.15 NS NS 0.58 NS NS 
18 17 4 9 M 131.5 99 No T 0.04 0.18 < 0.01 0.19 0.64 < 0.005 
19 17 5 10 F 140 37 No T 0.10 0.16 0.84 0.25 0.26 0.16 
20 QNR 0.67 0.12 0.18 4.01 0.08 0.05 
21 17 5 10 F 136 27 No T 0.03 0.34 0.66 1.42 0.08 0.10 
22 17 5 10 F 130 33 No B 0.07 0.15 0.46 1.10 0.11 0.07 
23 17 4 9 F 133 30 No T 0.10 0.20 < 0.01 0.99 0.10 < 0.005 
24 17 4 10 F 150 48 No T 0.22 NS 0.31 3.77 NS 0.13 
25 17 4 9 M 132 99 Yes B 0.13 0.16 0.77 0.54 0.49 0.11 
26 17 4 9 M 124 23 No B 0.05 0.36 1.25 0.22 0.54 0.68 
27 17 4 9 F 145 35 No T 0.63 NS 0.94 2.97 NS 0.34 
28 QNR 0.06 0.48 1.59 0.32 0.10 0.15 
29 17 4 9 F 999 32 Yes T 0.40 0.29 0.53 3.63 0.16 0.10 
30 17 4 10 M 999 99 No O 0.07 0.23 0.39 0.76 0.13 0.13 
31 17 4 10 F 130 84 No B 0.14 0.374 0.35 4.55 0.14 0.09 
32 17 4 9 F 153 43.6 No B 0.05 NS 2.18 0.46 NS 1.06 
33 17 5 10 F 135 31 No T 0.09 0.44 NS 0.33 0.09 NS 
34 17 4 9 F 999 37.5 No T 0.07 0.28 0.51 0.36 0.25 0.10 
35 17 4 10 F 999 45.9 No T 0.06 0.14 0.35 0.11 0.26 0.09 
36 17 5 10 F 999 49 No B 0.68 NS NS 3.79 NS NS 
37 17 4 9 M 140 42 No B 0.03 0.17 1.61 0.10 0.16 0.17 
38 QNR 0.45 0.26 1.10 0.58 0.12 0.12 
39 17 5 10 M 147 55 Yes T 0.13 NS 0.62 0.68 NS 0.12 
40 17 5 10 F 145 38 No T 0.17 NS 0.73 0.10 NS 0.28 
41 QNR 0.07 0.65 0.17 3.08 0.71 0.14 
42 7 4 10 M 160 60 Yes T 0.15 0.10 0.53 0.19 0.14 0.08 
43 7 4 10 F 999 99 No T 0.13 NS 0.37 1.01 NS 0.01 
44 7 4 10 M 999 42 No T 0.43 0.61 1.49 0.71 0.12 0.15 
45 7 5 10 F 150 74 Yes B 0.17 0.11 0.44 1.56 0.41 0.27 
46 7 4 10 F 137 42 No O 0.54 0.27 0.22 3.54 0.27 0.13 
47 7 4 9 F 160 60 Yes T 0.21 0.19 0.35 0.63 0.07 0.09 
48 7 4 9 M 130 37.4 No T < 0.01 0.13 0.17 < 0.005 0.09 0.02 
49 7 4 9 M 999 99 No T 0.04 0.08 0.28 0.20 0.09 0.05 
50 7 4 10 M 999 99 No NA 0.28 0.06 0.19 1.08 0.11 0.05 
51 7 5 10 F 120 34 No T 0.08 0.26 0.49 2.61 0.11 0.54 
52 7 4 10 M 999 99 No NA 0.13 0.24 0.53 0.61 0.21 0.24 
53 7 4 9 F 140 41 No B 0.07 0.13 0.14 1.17 0.20 0.08 
54 7 4 9 F 130 99 No B 0.07 0.12 0.36 2.07 0.17 0.29 
55 7 4 9 M 999 99 No NA 0.12 0.23 0.42 1.32 0.09 0.50 
56 7 5 10 F 135 99 No T 0.25 0.14 0.21 2.10 0.07 0.10 
57 7 5 11 F 999 99 Yes T 0.08 NS 0.85 2.58 NS 0.21 
58 7 5 10 F 999 99 No T 0.10 0.02 0.64 0.58 0.02 0.17 
59 7 5 11 F 150 50 No B 0.25 0.12 0.25 0.81 0.14 0.05 
60 7 5 10 M 157 48 No NA 0.12 0.25 0.40 1.11 0.13 0.22 
61 7 5 11 F 140 44 No B 0.05 0.29 0.04 0.12 0.16 0.01 
62 7 5 10 F 999 99 No T 0.07 0.14 0.21 1.47 0.06 0.07 
63 7 5 10 M 166 50 No O 0.08 0.09 0.25 3.78 0.30 0.07 
QNR=questionnaire not returned, T=tap, B=bottole, O=others, NA=not answered, FN=fingernail, TN=toenail, H=hair.  
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Table D.8: Continued. 
MO- School Grade 
Age 
(years) 
Gender Hight (cm) Weight (kg) 
Chronic 
disease 
Drinking 
water 
As V 
H FN TN H FN TN 
64 7 5 10 M 141 49 No O 0.14 0.30 1.50 0.27 0.16 0.12 
65 7 5 99 F 131 99 No B 0.11 0.13 0.23 0.90 0.09 0.08 
66 7 5 11 F 150 48.8 Yes T 0.07 0.19 0.30 1.71 0.05 0.18 
67 7 6 11 F 158 99 No T 0.12 0.45 4.26 0.55 0.07 0.09 
68 7 5 11 M 142 42.5 Yes B 2.56 0.54 2.07 7.13 0.15 0.13 
69 7 5 11 M 147 42 No T 0.37 0.17 0.25 0.76 0.21 0.04 
70 7 4 10 F 999 52 No T 0.13 NS 1.57 1.42 NS 0.12 
71 7 4 9 F 142 42.7 No T 0.14 0.65 NS 1.15 0.27 NS 
72 7 4 10 F 140 35 Yes NA 0.08 NS 0.68 1.47 NS 0.10 
73 21 4 9 F 140 99 No T 0.10 0.26 0.83 0.79 2.64 0.61 
74 7 4 9 M 134 38 No T 0.25 0.48 0.89 0.85 0.13 0.08 
75 7 4 9 M 999 99 No B 0.29 0.29 2.32 0.90 0.26 0.22 
76 7 4 10 F 999 99 No T 0.14 0.28 1.34 1.91 0.40 0.29 
77 7 4 9 F 999 32 No B 0.12 0.71 1.82 1.34 0.50 0.43 
78 7 4 10 F 136 34 No O 0.06 0.45 0.57 0.05 0.14 0.22 
79 7 5 10 M 147 32 No O 0.07 0.33 0.48 0.51 0.19 0.12 
80 7 5 11 M 150 53 No T 0.11 0.151 0.26 0.60 0.19 0.08 
81 7 5 11 M 999 67.3 Yes T 0.04 NS 0.50 0.47 NS 0.18 
82 7 5 10 M 138 30 No B 0.12 0.07 0.23 0.49 0.45 0.16 
83 21 4 9 M 140 33 No T 0.07 0.33 8.37 0.09 0.14 0.09 
84 21 5 10 M 149 59 No NA 0.07 NS 0.29 0.44 NS 0.18 
85 21 4 9 M 137 33.5 No T 0.04 0.17 0.39 0.08 0.13 0.14 
86 21 4 10 F 146 31 No T 0.05 NS 0.63 < 0.005 NS 0.21 
87 21 4 9 F 999 28.1 Yes T 0.18 0.10 0.30 4.40 0.06 0.10 
88 21 4 10 F 145.5 40.3 No B 0.11 0.57 2.35 0.49 0.17 0.21 
89 21 4 10 F 142.5 44.8 No B 0.08 NS 0.08 0.26 NS 0.01 
90 21 4 10 M 999 99 No T 0.16 0.06 0.10 0.29 0.24 0.07 
91 21 4 9 M 129 25 No T < 0.01 0.09 0.15 < 0.005 0.96 0.08 
92 21 4 9 F 999 99 No O 0.04 0.26 0.48 0.77 0.09 0.15 
93 21 5 10 M 999 99 No T 0.07 0.10 0.21 0.22 0.21 0.04 
94 QNR 0.11 NS 0.54 0.07 NS 0.13 
95 21 4 10 F 999 99 9 T 0.09 0.13 0.25 0.13 0.21 0.05 
96 21 4 9 F 128 39.4 No O 0.04 0.21 3.08 0.16 0.10 0.11 
97 21 4 9 F 138 30 No T 0.04 0.30 0.41 0.12 0.20 0.16 
98 21 5 10 F 155 31 No B 0.63 0.24 0.35 0.21 0.13 0.12 
99 21 4 10 F 147 40.5 Yes T 0.05 NS 0.67 0.08 NS 0.17 
100 QNR < 0.01 NS 0.40 < 0.005 NS 0.13 
101 21 5 10 F 146 70.3 No T 0.03 0.20 0.42 0.10 0.09 0.35 
102 21 5 10 M 999 99 No B 0.06 NS 0.18 0.08 NS 0.06 
103 21 4 12 M 155 53 No T 0.12 0.11 0.16 0.10 0.07 0.05 
104 21 4 9 F 999 31 No B 0.03 0.09 0.14 0.14 0.08 0.08 
105 21 4 10 F 999 53 No T 0.10 NS 0.19 1.10 NS 0.13 
106 21 4 9 F 134 30 No T 0.05 NS 0.30 0.23 NS 0.11 
107 21 5 10 F 152 49 No T 0.05 0.14 0.38 0.34 0.12 0.16 
108 21 5 11 M 151.5 43 No T 0.09 NS 0.19 0.25 NS 0.17 
109 12 4 9 M 128 40.04 Yes T 0.05 NS 0.11 0.41 NS 0.31 
110 12 4 9 M 146 40 No T 0.07 0.16 0.23 0.05 0.09 0.06 
111 12 5 10 F 999 45 Yes O 0.06 NS 27.30 0.26 NS 0.58 
112 12 5 12 F 156 43 No B 0.04 0.18 0.37 1.80 0.16 0.05 
113 12 5 11 F 138 35 No T 0.03 0.13 1.15 0.21 0.07 0.09 
114 12 5 10 F 137.3 33.4 No T 0.08 0.19 0.29 0.11 0.14 0.06 
115 12 5 10 F 999 99 No T 0.30 0.08 0.24 3.51 0.08 0.18 
116 12 5 10 F 999 99 No T 0.30 NS 0.20 4.21 NS 0.15 
117 12 4 10 F 150 45 No O 0.07 0.16 0.92 0.20 0.15 0.17 
118 12 5 10 M 140 47 No T 1.22 NS NS 0.05 NS NS 
119 12 5 11 M 155 48 No B 0.04 0.17 NS 0.20 0.08 NS 
QNR=questionnaire not returned, T=tap, B=bottole, O=others, NA=not answered, FN=fingernail, TN=toenail, H=hair. 
 
 
Appendices 
439 
 
Table D.9: The levels (mg/kg, dry weight) of other trace elements in hair (H), fingernail 
(FN) and toenail (TN) samples from Moron (MO); Buenos Aires Capital Federal. 
MO- 
 
Cu Fe Mn Mo Se Zn 
H FN TN H FN TN H FN TN H FN TN H FN TN H FN TN 
1 8.03 7.39 5.53 9.76 24.27 38.80 0.45 0.35 2.76 0.13 <0.09 < 0.09 0.87 0.55 0.67 497.76 113.54 755.35 
2 22.66 10.78 3.64 12.26 31.65 21.91 0.53 1.53 1.11 0.09 <0.09 < 0.09 0.55 0.56 0.58 118.53 120.04 127.73 
3 10.48 3.78 4.30 9.34 21.05 32.94 0.80 0.51 3.51 0.24 <0.09 < 0.09 0.56 0.57 0.56 119.52 92.42 161.40 
4 25.20 10.88 12.23 16.46 42.49 169.33 0.61 2.95 7.34 < 0.09 <0.09 < 0.09 0.76 0.74 0.58 126.84 135.30 194.56 
5 11.71 7.76 5.54 9.45 21.80 46.29 0.27 0.78 4.08 < 0.09 <0.09 < 0.09 0.63 1.16 0.77 142.43 98.16 280.12 
6 11.37 NS 6.70 10.66 NS 62.19 0.27 NS 3.77 < 0.09 NS < 0.09 0.60 NS 0.71 219.03 NS 204.56 
7 13.71 0.56 4.08 6.29 3.35 20.45 0.82 0.17 2.74 < 0.09 <0.09 < 0.09 0.83 0.09 0.87 186.08 13.98 136.42 
8 15.11 4.82 3.10 8.32 17.10 15.21 0.70 0.46 0.68 < 0.09 <0.09 < 0.09 0.74 0.67 0.89 163.40 108.42 88.38 
9 9.73 5.91 5.10 5.84 15.35 17.29 0.29 0.87 1.88 < 0.09 <0.09 < 0.09 0.73 0.90 0.68 313.81 90.52 105.12 
10 11.71 12.92 0.42 9.91 17.20 1.34 0.28 0.85 0.09 < 0.09 <0.09 < 0.09 0.69 1.03 0.09 128.60 127.65 90.94 
11 12.03 4.78 3.99 11.41 14.67 19.72 0.42 0.68 1.06 < 0.09 <0.09 < 0.09 1.10 1.18 0.99 210.71 133.50 1927.72 
12 13.91 5.46 4.63 8.52 23.83 28.09 2.26 0.75 1.88 < 0.09 <0.09 < 0.09 0.64 0.57 0.87 145.22 116.37 101.86 
13 11.79 5.97 4.55 14.03 41.26 50.77 0.74 1.72 4.73 < 0.09 <0.09 < 0.09 0.62 0.93 0.75 179.03 121.61 113.16 
14 11.49 6.38 2.63 5.50 32.79 9.35 0.17 0.60 0.61 < 0.09 <0.09 < 0.09 0.66 1.00 0.90 149.24 106.73 90.73 
15 9.01 7.50 3.10 29.07 16.12 42.90 0.42 0.67 2.00 < 0.09 <0.09 < 0.09 0.39 0.61 0.37 173.26 97.04 64.59 
16 12.02 18.31 9.19 11.88 29.61 46.76 1.21 1.83 4.32 < 0.09 <0.09 < 0.09 0.80 0.72 0.81 126.85 138.73 505.35 
17 10.28 9.27 3.52 6.63 24.21 26.46 0.44 2.09 2.58 < 0.09 <0.09 < 0.09 0.63 1.00 0.85 150.28 112.22 136.03 
18 12.53 6.01 10.38 10.36 41.85 12.79 0.23 0.90 0.97 < 0.09 <0.09 < 0.09 0.59 0.86 0.73 178.12 171.22 686.59 
19 10.95 NS 5.05 8.29 NS 42.54 0.48 NS 15.57 < 0.09 NS < 0.09 0.84 NS 0.71 154.99 NS 109.54 
20 21.24 3.36 NS 11.63 41.82 NS 2.11 4.32 NS < 0.09 <0.09 NS 0.35 0.67 NS 684.99 918.85 NS 
21 51.05 10.97 4.05 8.49 32.77 27.03 1.33 1.08 1.24 < 0.09 <0.09 < 0.09 0.76 0.61 0.69 187.39 142.50 499.68 
22 9.89 12.27 12.27 9.87 64.57 139.40 0.46 1.64 9.86 < 0.09 <0.09 < 0.09 0.61 0.55 0.47 244.42 183.91 160.97 
23 10.96 12.82 4.72 12.26 24.71 16.58 0.42 2.46 1.25 0.09 <0.09 < 0.09 0.70 1.19 1.19 162.82 145.21 168.40 
24 19.32 5.91 10.58 10.46 19.15 44.51 0.57 0.49 3.11 < 0.09 <0.09 < 0.09 0.69 0.54 0.56 179.70 99.61 145.71 
25 19.44 8.71 5.17 11.40 77.40 53.60 0.26 1.83 3.58 < 0.09 <0.09 < 0.09 0.57 0.60 0.64 193.34 131.95 206.97 
26 10.01 13.76 11.67 21.09 267.10 226.33 1.09 9.51 11.93 < 0.09 <0.09 < 0.09 0.68 0.63 1.29 151.94 130.26 755.93 
27 15.93 6.66 4.06 8.23 35.92 59.93 0.43 2.02 3.08 < 0.09 <0.09 < 0.09 0.81 0.97 0.74 194.07 147.90 148.40 
28 13.70 8.82 6.53 17.96 47.37 268.26 0.82 0.79 4.83 < 0.09 <0.09 < 0.09 0.67 0.84 0.76 126.54 154.27 123.51 
29 11.46 4.82 2.59 8.05 12.58 13.48 0.32 0.61 0.75 < 0.09 <0.09 < 0.09 0.58 0.79 0.78 194.61 135.09 208.10 
30 4.11 6.39 9.90 19.01 120.55 40.69 0.23 1.62 3.61 < 0.09 <0.09 < 0.09 0.19 0.75 0.65 94.33 134.73 135.91 
31 31.49 11.50 4.90 19.20 1656.68 50.63 1.94 14.81 2.14 < 0.09 <0.09 < 0.09 0.74 0.76 0.77 551.28 185.69 100.13 
32 11.65 6.00 5.68 9.06 32.12 66.57 1.40 0.90 2.21 < 0.09 <0.09 < 0.09 0.90 0.66 0.70 223.88 127.59 121.01 
33 25.01 11.97 10.34 15.13 24.05 45.59 0.93 0.90 6.44 < 0.09 <0.09 < 0.09 0.56 0.87 0.82 114.52 123.78 1621.37 
34 34.09 11.33 6.37 21.20 20.04 31.52 1.06 0.69 2.06 0.11 <0.09 < 0.09 0.72 0.78 0.69 162.13 165.74 238.87 
35 14.37 9.43 6.02 12.77 25.56 45.45 0.64 1.44 3.97 < 0.09 <0.09 < 0.09 0.93 0.65 0.67 180.93 118.88 455.73 
36 8.21 0.76 4.31 45.27 <0.1 68.17 0.41 <0.1 4.12 0.20 2.14 < 0.09 0.85 0.07 0.66 257.30 <0.06 144.29 
37 10.65 3.84 4.60 8.75 31.69 33.19 0.78 0.73 1.92 < 0.09 <0.09 < 0.09 0.78 0.95 0.84 168.62 108.77 248.01 
38 11.09 6.66 10.80 10.60 36.24 69.93 0.81 2.42 3.17 < 0.09 <0.09 < 0.09 0.75 0.73 0.60 138.13 149.69 197.47 
39 10.95 11.72 10.07 13.00 18.96 45.99 0.72 0.80 6.00 < 0.09 <0.09 < 0.09 0.74 0.71 0.64 161.31 123.51 206.91 
40 18.19 NS 0.50 19.71 NS 7.48 0.70 NS 0.34 0.09 NS < 0.09 0.76 NS 0.09 116.17 NS 10.83 
41 24.32 NS NS 11.19 NS NS 0.53 NS NS < 0.09 NS NS 0.28 NS NS 135.98 NS NS 
42 13.16 11.37 8.02 25.97 33.09 74.57 3.76 4.26 25.21 < 0.09 <0.09 < 0.09 0.86 1.07 0.82 166.09 130.15 115.56 
43 9.61 60.14 3.50 11.45 20.29 28.24 0.58 1.21 2.83 < 0.09 <0.09 < 0.09 0.74 0.71 0.72 164.04 115.86 127.00 
44 7.82 5.85 5.85 10.70 12.33 137.88 0.32 0.59 13.39 < 0.09 <0.09 < 0.09 0.55 0.87 0.94 251.23 121.52 261.25 
45 15.18 8.28 8.46 17.20 28.62 131.55 0.82 0.99 10.60 < 0.09 <0.09 < 0.09 0.67 0.80 0.61 128.29 145.25 215.48 
46 12.83 11.47 10.81 9.34 31.99 152.02 0.28 1.86 8.02 0.13 <0.09 < 0.09 0.81 0.93 0.94 175.38 138.84 1301.69 
47 7.50 22.54 6.02 10.60 17.75 30.37 0.17 0.97 1.52 < 0.09 <0.09 < 0.09 0.84 0.83 0.81 467.49 185.02 631.27 
48 < 0.03 6.67 NS < 0.1 59.39 NS < 0.02 0.95 NS 0.14 <0.09 NS < 0.07 0.83 NS < 0.06 124.14 NS 
49 23.13 NS 10.60 12.35 NS 39.36 0.51 NS 3.61 < 0.09 NS < 0.09 0.75 NS 0.69 203.04 NS 180.36 
50 15.74 735.36 4.49 35.69 63.80 32.50 1.05 5.23 1.47 < 0.09 <0.09 < 0.09 0.63 1.03 0.74 216.18 157.49 388.83 
51 27.21 21.02 NS 17.27 146.75 NS 2.83 2.57 NS < 0.09 <0.09 NS 0.59 1.22 NS 885.09 306.73 NS 
52 47.22 NS NS 130.19 NS NS 0.45 NS NS < 0.09 NS NS 0.75 NS NS 203.22 NS NS 
53 23.74 7.28 6.98 22.67 41.82 80.55 1.52 2.07 6.70 < 0.09 <0.09 < 0.09 0.63 0.91 0.69 152.90 137.08 162.75 
54 112.30 6.72 6.58 16.00 63.90 66.45 1.83 1.43 4.81 < 0.09 <0.09 < 0.09 0.47 1.19 1.07 245.41 111.97 130.71 
55 29.31 NS 5.70 61.48 NS 22.17 0.73 NS 1.04 < 0.09 NS < 0.09 0.84 NS 0.97 291.10 NS 139.97 
56 19.38 NS 11.78 32.88 NS 152.78 0.64 NS 3.22 0.11 NS < 0.09 0.82 NS 0.91 259.16 NS 683.97 
57 50.26 13.96 14.15 141.00 37.93 69.95 1.71 1.51 12.07 < 0.09 <0.09 < 0.09 0.74 0.75 1.06 315.70 113.04 379.99 
58 12.13 NS NS 11.91 NS NS 0.94 NS NS < 0.09 NS NS 0.82 NS NS 394.47 NS NS 
59 8.20 6.99 < 0.03 166.51 24.27 < 0.1 0.71 0.37 < 0.1 < 0.09 <0.09 < 0.09 0.74 0.70 < 0.07 146.41 88.90 < 0.06 
NS=No sample, FN=fingernail, TN=toenail, H=hair. 
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Table D.9: Continued 
MO- 
Cu Fe Mn Mo Se Zn 
H FN TN H FN TN H FN TN H FN TN H FN TN H FN TN 
60 10.39 5.70 3.22 16.74 24.21 20.32 0.26 0.51 0.67 < 0.09 <0.09 < 0.09 0.76 0.79 0.94 343.51 140.91 123.21 
61 24.16 6.13 4.66 31.90 36.97 26.20 0.47 0.76 1.72 < 0.09 <0.09 < 0.09 0.68 0.70 0.69 169.25 101.31 340.42 
62 12.99 7.24 6.23 15.39 52.43 43.15 0.60 0.96 3.05 < 0.09 <0.09 < 0.09 0.69 0.87 0.81 188.95 107.04 201.01 
63 14.06 4.59 5.18 7.65 39.22 27.86 2.75 1.35 1.80 < 0.09 <0.09 < 0.09 0.55 1.06 1.10 207.57 126.25 615.89 
64 12.00 8.71 < 0.03 7.71 23.87 < 0.1 0.75 1.96 < 0.1 < 0.09 <0.09 < 0.09 0.69 0.82 < 0.07 177.47 126.80 < 0.06 
65 12.63 NS 5.87 27.15 NS 43.52 2.65 NS 3.47 < 0.09 NS < 0.09 0.69 NS 0.85 166.71 NS 1396.05 
66 27.48 13.67 5.18 12.12 38.63 17.60 2.47 0.72 1.70 < 0.09 <0.09 < 0.09 0.70 0.71 0.94 200.16 171.30 182.63 
67 16.82 14.76 12.96 12.82 20.93 114.73 0.26 1.57 16.09 < 0.09 <0.09 < 0.09 0.97 0.83 0.88 439.25 159.00 406.26 
68 49.35 21.37 10.01 12.97 91.35 99.31 0.94 2.83 12.15 < 0.09 <0.09 < 0.09 0.52 0.95 1.56 240.64 191.02 241.81 
69 9.65 8.67 8.35 68.53 32.14 33.35 1.92 1.87 8.28 < 0.09 <0.09 < 0.09 0.42 0.97 0.81 267.24 110.43 602.43 
70 22.77 5.49 3.24 13.06 24.05 18.08 2.64 1.26 2.23 0.23 <0.09 < 0.09 0.69 0.95 0.95 202.67 108.92 145.70 
71 10.54 6.32 5.05 9.10 17.14 44.07 0.40 0.76 2.33 < 0.09 <0.09 < 0.09 0.79 0.98 0.91 169.13 116.92 128.93 
72 59.57 38.65 6.02 18.55 284.04 28.99 0.45 1.45 1.46 < 0.09 <0.09 < 0.09 0.81 0.68 0.76 234.44 220.71 1964.18 
73 11.15 <0.03 9.65 8.52 <0.1 254.22 0.83 <0.1 12.08 < 0.09 <0.09 < 0.09 0.70 <0.07 1.08 215.95 <0.06 592.68 
74 14.71 13.83 25.55 11.25 42.01 300.16 0.40 2.79 20.75 < 0.09 <0.09 < 0.09 0.73 1.09 1.26 252.72 238.32 496.33 
75 10.87 5.47 NS 12.95 21.59 NS 0.21 0.84 NS < 0.09 <0.09 NS 0.62 0.88 NS 165.11 104.57 NS 
76 20.81 5.25 4.34 16.12 26.00 55.50 0.81 0.54 1.86 < 0.09 <0.09 < 0.09 0.75 0.93 0.77 258.99 118.88 286.08 
77 10.55 NS NS 8.65 NS NS 0.31 NS NS < 0.09 NS NS 0.73 NS NS 185.11 NS NS 
78 6.91 13.62 6.77 12.13 48.40 34.24 0.26 1.92 6.77 < 0.09 <0.09 < 0.09 0.67 0.87 0.90 170.66 181.66 172.54 
79 14.44 5.22 6.42 7.83 27.70 34.38 0.21 1.30 3.56 < 0.09 <0.09 < 0.09 0.70 0.74 0.86 208.69 119.99 113.00 
80 19.15 8.65 6.42 8.12 32.77 12.82 0.14 1.39 0.61 < 0.09 <0.09 < 0.09 0.70 1.37 1.13 173.69 122.08 136.71 
81 18.97 NS 6.76 6.56 NS 26.97 0.16 NS 1.08 < 0.09 NS < 0.09 0.63 NS 0.69 179.90 NS 112.58 
82 9.90 NS 5.05 5.79 NS 36.56 0.30 NS 1.82 < 0.09 NS < 0.09 0.70 NS 0.65 159.60 NS 185.81 
83 11.81 10.56 5.15 12.46 30.30 39.56 0.55 0.50 0.94 < 0.09 <0.09 < 0.09 0.82 0.99 0.85 373.15 119.34 100.02 
84 7.61 9.25 4.62 6.05 25.29 18.04 0.17 0.80 1.70 < 0.09 <0.09 < 0.09 0.50 1.11 0.88 90.79 105.70 89.45 
85 28.97 NS 7.68 11.38 NS 81.56 0.81 NS 4.16 < 0.09 NS < 0.09 0.81 NS 0.85 200.72 NS 107.07 
86 < 0.03 15.78 4.69 < 0.1 63.24 42.64 < 0.02 2.49 3.67 0.55 <0.09 < 0.09 < 0.07 0.81 0.67 < 0.06 165.46 112.45 
87 35.78 15.30 4.53 168.63 81.44 37.54 1.77 2.45 0.79 < 0.09 <0.09 < 0.09 0.98 1.66 0.68 490.74 481.62 109.05 
88 105.10 5.09 3.33 12.50 10.92 17.94 0.62 0.63 0.53 0.10 <0.09 < 0.09 0.89 0.74 0.77 173.41 134.13 108.76 
89 56.16 8.78 2.93 10.27 15.96 22.77 0.55 1.39 0.31 < 0.09 <0.09 < 0.09 0.57 0.63 0.72 138.91 132.60 121.40 
90 16.88 NS 9.56 15.00 NS 656.21 0.71 NS 4.31 < 0.09 NS < 0.09 0.81 NS 0.78 190.00 NS 188.16 
91 < 0.03 10.34 10.62 < 0.02 601.08 47.27 < 0.02 4.49 3.92 < 0.09 <0.09 < 0.09 < 0.07 0.68 0.54 < 0.06 225.39 123.94 
92 23.52 18.01 11.78 19.92 36.45 64.71 2.74 0.78 1.89 < 0.09 <0.09 < 0.09 0.62 0.62 0.47 187.43 176.01 2265.99 
93 14.77 4.29 5.60 9.04 24.33 47.63 0.78 0.73 1.93 < 0.09 <0.09 < 0.09 0.85 0.75 0.71 262.51 118.99 113.94 
94 20.15 7.27 4.90 11.83 20.87 11.59 0.68 1.23 1.28 < 0.09 <0.09 < 0.09 0.77 0.49 0.54 139.74 124.59 615.71 
95 12.78 5.11 5.32 17.40 18.02 99.62 0.83 0.38 7.60 < 0.09 <0.09 < 0.09 0.61 0.75 0.60 111.58 112.45 115.80 
96 18.98 5.94 4.22 6.86 10.43 53.00 0.35 0.49 1.72 < 0.09 <0.09 < 0.09 0.88 1.06 0.91 178.99 110.64 108.49 
97 11.70 NS 7.72 6.73 NS 55.67 0.74 NS 4.20 < 0.09 NS < 0.09 0.77 NS 0.62 153.28 NS 719.06 
98 45.35 8.54 5.39 15.91 43.97 24.93 1.47 0.61 1.74 < 0.09 <0.09 < 0.09 0.70 0.96 0.86 180.92 125.77 103.07 
99 13.73 5.74 4.13 24.08 32.43 74.04 0.66 1.45 3.69 < 0.09 <0.09 < 0.09 0.72 0.88 0.86 152.67 114.92 102.65 
100 <0.03 6.32 NS < 0.1 15.53 NS < 0.02 0.41 NS < 0.09 <0.09 NS < 0.07 0.94 NS < 0.06 104.62 NS 
101 15.08 5.89 4.03 18.30 29.35 33.56 1.38 0.54 0.99 < 0.09 <0.09 < 0.09 0.91 0.83 0.90 193.43 131.04 165.94 
102 11.01 6.55 3.17 10.23 25.20 29.75 0.32 0.55 1.26 < 0.09 <0.09 < 0.09 0.64 0.73 0.90 150.01 123.71 100.70 
103 15.61 6.92 4.37 18.26 22.08 73.89 0.51 0.35 1.83 < 0.09 <0.09 < 0.09 0.62 0.87 0.79 191.14 108.19 105.69 
104 11.05 7.08 3.87 9.06 33.50 23.15 1.19 1.10 1.25 0.12 <0.09 < 0.09 0.87 0.90 0.76 233.80 102.60 92.24 
105 15.69 9.44 7.95 9.33 46.64 52.72 1.12 1.77 4.39 < 0.09 <0.09 < 0.09 0.68 1.12 0.81 187.16 153.54 1856.72 
106 16.59 9.50 12.65 6.25 23.97 138.27 0.45 1.08 5.88 < 0.09 <0.09 < 0.09 0.76 0.89 0.63 197.69 96.40 144.77 
107 100.17 NS 8.43 9.49 NS 55.20 0.73 NS 3.94 < 0.09 NS < 0.09 0.72 NS 0.85 140.83 NS 494.34 
108 12.43 9.71 7.47 14.65 21.75 43.17 0.97 1.14 4.03 < 0.09 <0.09 < 0.09 0.75 1.00 0.66 134.19 124.72 302.68 
109 15.71 40.59 4.75 9.29 198.94 38.65 0.51 15.21 2.32 < 0.09 <0.09 < 0.09 0.74 0.67 0.90 391.20 148.66 193.25 
110 12.18 6.67 6.32 9.95 20.38 43.62 0.57 0.73 4.10 < 0.09 <0.09 < 0.09 0.88 0.64 0.77 117.80 95.24 105.14 
111 11.80 15.49 4.89 13.38 184.99 99.90 2.09 4.91 6.21 < 0.09 <0.09 < 0.09 0.88 0.65 0.72 162.09 142.63 208.62 
112 56.86 NS 6.91 8.79 NS 36.85 2.34 NS 0.79 < 0.09 NS < 0.09 0.59 NS 1.04 198.66 NS 240.26 
113 26.50 5.72 7.01 19.68 11.68 33.13 0.54 0.50 0.86 < 0.09 <0.09 < 0.09 0.65 0.81 0.68 238.48 110.83 412.54 
114 10.87 12.62 8.93 11.56 144.56 102.76 0.36 2.85 12.73 < 0.09 <0.09 < 0.09 0.93 0.55 0.64 199.15 90.18 208.56 
115 98.95 8.71 4.80 28.06 27.34 28.25 5.69 0.73 1.87 0.11 <0.09 < 0.09 0.78 0.48 0.61 470.41 116.91 164.11 
116 114.13 7.86 5.43 19.66 8.50 20.62 5.42 0.43 1.08 0.14 <0.09 < 0.09 0.82 0.59 0.64 534.65 126.59 121.61 
117 12.88 5.08 5.55 11.49 24.57 143.18 1.03 1.28 9.65 0.11 <0.09 < 0.09 0.76 0.72 0.74 136.43 116.05 160.10 
118 10.66 6.54 4.92 19.62 34.33 69.04 0.43 0.87 1.38 0.31 <0.09 < 0.09 0.79 0.55 0.54 190.25 118.02 444.59 
119 24.47 4.04 3.31 15.36 17.22 30.29 0.43 0.88 1.19 < 0.09 <0.09 < 0.09 1.00 0.54 0.74 422.93 110.32 118.42 
NS=No sample, FN=fingernail, TN=toenail, H=hair. 
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Statistical Tests Tables 
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Table E.1: A paired t-test to evaluate whether a statistically significant difference exists 
between the two calculated data sets of water samples from Argentina calculated using 
y = mx+c and y = mx.  
Column B y = mx +c 
vs. vs. 
Column A y = mx 
Paired t test   
P value 0.6727 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
t, df t=0.4229 df=276 
Number of pairs 277 
How big is the difference?   
Mean of differences 0.04086 
SD of differences 1.608 
SEM of differences 0.09662 
95% confidence interval -0.1493 to 0.2311 
R squared 0.0006476 
How effective was the pairing?   
Correlation coefficient (r) Perfect line 
 
 
 
 
 
 
 
 
Appendices 
443 
Table E.2: Kruska-Wallis test of One-Way ANOVA followed by Dunn's multiple 
comparisons test for comparison between arsenic (As), vanadium (V) and fluoride (F-) 
levels in La Pampa-SE, Río Negro, La Pampa-MN and Buenous Aires.  
Dunn's multiple 
comparisons test n1 n2 
As V F- 
Mean 
rank 
diff. 
Significant
? P Value 
Mean 
rank 
diff. 
Significant
? P Value 
Mean 
rank diff. 
Significant
? P Value 
La Pampa-SE vs. Río 
Negro 20 55 77.32 Yes < 0.0001 98.79 Yes < 0.0001 102.3 Yes < 0.0001 
La Pampa-MN vs. Río 
Negro 123 55 126.2 Yes < 0.0001 123.6 Yes < 0.0001 121.1 Yes < 0.0001 
Buenos Aires vs. Río 
Negro 28 55 72.46 Yes < 0.0001 73.81 Yes < 0.0001 81.61 Yes < 0.0001 
La Pampa-MN vs. La 
Pampa-SE 123 20 48.86 Yes 0.0116 24.78 No 0.6961 18.88 No > 0.9999 
Buenos Aires vs. La 
Pampa-SE 28 20 -4.861 No > 0.9999 -24.97 No > 0.9999 -20.65 No > 0.9999 
Buenos Aires vs. La 
Pampa-MN 28 123 -53.72 Yes 0.0005 -49.75 Yes 0.0017 -39.53 Yes 0.0225 
 
Table E.3: Kruska-Wallis test of One-Way ANOVA followed by Dunn's multiple 
comparisons test for comparison between pH, electrical conductivity (EC), total dissolved 
solids (TDS) and redox potential (Eh) levels in La Pampa-SE, Río Negro, La Pampa-MN 
and Buenous Aires. 
Dunn's multiple 
comparisons test 
n1 n2 
pH EC & TDS Eh 
Mean 
rank diff. 
Significant
? 
P Value 
Mean 
rank diff. 
Significant
? 
P Value 
Mean 
rank diff. 
Significant
? 
P Value 
La Pampa-SE vs. 
Río Negro 
20 28 1.446 No > 0.9999 48.4 Yes < 0.0001 7.714 No > 0.9999 
La Pampa-MN vs. 
Río Negro 
19 28 36.85 Yes < 0.0001 56.17 Yes < 0.0001 -34.09 Yes 0.0002 
Buenos Aires vs. 
Río Negro 
28 28 8.554 No > 0.9999 33.52 Yes < 0.0001 5.625 No > 0.9999 
La Pampa-MN vs. 
La Pampa-SE 
19 20 35.41 Yes 0.0004 7.768 No > 0.9999 -41.8 Yes < 0.0001 
Buenos Aires vs. 
La Pampa-SE 
28 20 7.107 No > 0.9999 -14.89 No 0.3907 -2.089 No > 0.9999 
Buenos Aires vs. 
La Pampa-MN 
28 19 -28.3 Yes 0.0033 -22.65 Yes 0.0342 39.71 Yes < 0.0001 
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Table E.4: Mann-Whitney test for the comparison of arsenic (As) and vanadium (V) levels 
in hair (H), fingernail (FN) and toenail (TN) for samples collected from La Pampa (LP), 
Moron (MO) and RíoNegro (RN) based on health status. 
Location Mann Whitney test 
Healthy n = 4  vs. unshealthy n =47 
H FN TN 
As V As V As V 
LP 
P value 0.0049 0.0004 0.3465 0.0366 0.0101 0.0004 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ** *** ns * * *** 
Significantly different? (P < 0.05) Yes Yes No Yes Yes Yes 
One- or two-tailed P value? 
Two-
tailed Two-tailed Two-tailed 
Two-
tailed Two-tailed 
Two-
tailed 
Mann-Whitney U 19.5 8 20 9 24 8 
MO 
Mann Whitney test 
Healthy n = 92  vs. unhealthy n =21 
H FN TN 
As V As V As V 
P value 0.4787 0.41 0.51 0.41 0.0101 0.125 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ns ns ns ns * ns 
Significantly different? (P < 0.05) No No No No Yes No 
One- or two-tailed P value? 
Two-
tailed Two-tailed Two-tailed 
Two-
tailed Two-tailed 
Two-
tailed 
Mann-Whitney U 869.5 853.5 525 853.5 24 444.5 
RN 
Mann Whitney test 
Healthy n = 87  vs. unhealthy n = 24 
H FN TN 
As V As V As V 
P value 0.1132 0.2466 0.2154 0.2292 0.7317 0.2422 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ns ns ns ns ns ns 
Significantly different? (P < 0.05) No No No No No No 
One- or two-tailed P value? 
Two-
tailed Two-tailed Two-tailed 
Two-
tailed Two-tailed 
Two-
tailed 
Mann-Whitney U 822.5 881.5 487 490.5 544.5 466 
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Table E.5: Mann-Whitney test for the significant difference of arsenic (As) and vanadium 
(V) levels in hair (H), fingernail (FN) and toenail (TN) for samples collected from La Pampa 
(LP), Moron (MO) and RíoNegro (RN) based on age group. 
Location Mann Whitney test 
Adults n = 41  vs.Children n = 10 
H FN TN 
As V As V As V 
LP 
P value 0.5947 0.2418 0.2698 0.439 0.2984 0.5626 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ns ns ns ns ns ns 
Significantly different? (P < 0.05) No No No No No No 
One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed 
Mann-Whitney U 182 155 60 67 160.5 180 
RN 
Mann Whitney test 
Adults n = 15  vs.Children n = 73 
H FN TN 
As V As V As V 
P value 0.0017 0.0008 0.0017 < 0.0001 0.0009 < 0.0001 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ** *** ** **** *** **** 
Significantly different? (P < 0.05) Yes Yes Yes Yes Yes Yes 
One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed 
Mann-Whitney U 271.5 253.5 222.5 122 251.5 93.5 
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Table E.6: Mann-Whitney test for the comparison of arsenic (As) and vanadium (V) levels 
in hair (H), fingernail (FN) and toenail (TN) for samples collected from La Pampa (LP), 
Moron (MO) and RíoNegro (RN) based on gender. 
Location Mann Whitney test 
Female n = 25  vs.Male n = 26 
H FN TN 
As V As V As V 
LP 
P value 0.9665 0.7901 0.2496 0.2494 0.9145 0.8334 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ns ns ns ns ns ns 
Significantly different? (P < 0.05) No No No No No No 
One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed 
Mann-Whitney U 322.5 310.5 89.5 89.5 319 313.5 
MO 
Mann Whitney test 
Female n = 66  vs. Male n = 44 
H FN TN 
As V As V As V 
P value 0.8299 0.0022 0.6749 0.2239 < 0.0001 0.918 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ns ** ns ns **** ns 
Significantly different? (P < 0.05) No Yes No No Yes No 
One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed 
Mann-Whitney U 1417 955.5 1046 939 297.5 1360 
RN 
Mann Whitney test 
Female n = 70  vs.Male n = 36 
H FN TN 
As V As V As V 
P value 0.7703 0.7901 0.6983 0.027 0.4695 0.0591 
Exact or approximate P value? Exact Exact Exact Exact Exact Exact 
P value summary ns ns ns * ns ns 
Significantly different? (P < 0.05) No No No Yes No No 
One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed 
Mann-Whitney U 2380 310.5 883 665.5 792.5 657.5 
  
 
 
 
 
 
 
‘And Say O my Lord increase me in 
knowledge’ 
(Quran, Ta-Ha, 20: 114) 
 
